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Abstract
In order to develop a range of trianglimine macrocyeles with varying functionalities, 
a novel synthetic approach to trianglimine macrocyclic chemistry has been applied. 
The chemistry developed has been used to extend versatile applications of the 
reversible imine bonds exhibited in these structures. Trianglimine macrocyeles were 
synthesised with expanded functionalities, which were used from a medicinal 
chemists view-point as selective receptors for biological targets within the bacterial 
cell wall biosynthetic pathway. By using the dynamic combinatorial library (DCL) 
approach,^ originally proposed by Sanders and Lehn.^’^ A combinatorial library of all 
the synthesised trianglimine macrocycle was prepared. In order to observe the host 
guest binding abilities of these macrocyeles, the [3+3] cyclocondensation reaction 
between aromatic dialdehydes and enantiomerially pure C2-symmetrical diamine; 
diaminocyclohexane was studied. This in all cases produces the desired 
thermodynamically stable triangular product. These triangular macrocyeles, 
‘trianglimines’, were synthesized using the stated methodology to produce 
compounds with ring sizes of up to 54."^ ’^  These have been used as host guest 
systems in green chemistry^ and can now be applied into the medicinal world as 
potential antibacterial agents.
Aromatic dialdehyde trianglimine macrocyeles have been designed in order to 
accommodate oligopeptide binding, via specific binding sites, which are unique 
within bacterial cell wall synthesis. The functional groups incorporated into the 
building blocks will offer binding motif for the various functionalities in the 
oligopeptides (COO', CONH, NH]^) These functionalities are introduced into the 
trianglimine ring via the biaryl dialdehyde building blocks. The biaryl ring system 
used is synthesized in high yield by the Suzuki Miyaura methodology^ as this 
method tolerates a wide range of functional groups. The chosen biaryl ring system 
ensures an enlarged trianglimine cavity. This provides optimal space for potential 
host binding. In all cases 4,4'-biphenyldialdehydes have been synthesized as 
previous molecular modelling studies show a preference for this isomer.^
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Part I: Background
Chapter One 
Introduction
1. Aims and Objectives
The main objective of this project was to apply the concept of molecular 
trianglamine chemistry* to the real world. This was to be achieved by exploiting the 
host specificity exhibited by the macrocyeles. The aim was to apply knowledge of 
trianglimine chemistry to generate a dynamie library of compounds;^ these would all 
bear specific functionalities, acting as receptor sites, for binding with a specific 
guest, which was provided with complementary recognition sites for the tailor-made 
macrocyclic framework. The concept was one of trianglimines as macrocyclie 
receptors, which would recognise and bind to oligopeptides found within bacterial 
cell walls.^ The idea is well suited for this purpose as trianglimines have been 
previously reported as potential hosts,"* which were able to act as receptor sites. 
These were located on the smaller components of the trianglimine maeroeycles and 
the dialdehyde building blocks.
1.1 Concept of Study
The project will focus closely on the chemistry involved in tailor making the specific 
building blocks required to achieve successful receptor sites. The project will 
emphasise creating a robust synthetie procedure that would be less time consuming 
and labour intensive than previous ones involving similar work. The synthetic 
strategies initially planned and carried out will be fine tuned and modified further. 
Multi step synthetic procedures will be studied in depth and, where possible, steps 
merged accordingly. This will be achieved through trial and error of chemieal 
methodologies such as the Schotten-Baumann^^ reaction and the Vilsmeier-Haack^ 
reaction, whereby a chemical precursor, from the DCL will give positive results, and 
isolatable products in relatively good yield. The reaction will then be applied to a 
broader range of starting materials in order to confirm feasibility and robustness of 
the mechanism. Once spectroscopic analysis is carried out (*H NMR, HMBC, *^ C
Aims and Objectives
NMR GC-MS, LC-MS, IR) the synthetic pathway will be employed as the main 
route of functionalised biaryl synthesis, such as creating the ideal Suzuki-Miyaura 
Cross Coupling reaction with universally applicable reagents and catalysts and 
ligands.^ This will be mainly achieved by the amplification of the already well 
established Suzuki Miyaura cross coupling reactions.^ The synthetie route readily 
available was modified in order for it to accommodate the synthesis of funetionalised 
hetero-aromatie biaryl ring systems. ***
The project was pursued in order to investigate the chemical methodologies that 
would allow the successful synthesis of these compounds. The main emphasis was 
on the production of biaryl dialdehydes as previously this has proved able to generate 
a successful library of compounds worthy of further exploitation; this would then 
generate a dynamic combinatorial library (DCL) consisting of compounds which 
would all contain the skeleton which would give rise to a few robust chemical 
combinations, aimed at developing binding points for the bacterial cell wall 
components.*** The concept would lead to the synthesis of novel lead compounds 
with antibiotic activity.
In order to achieve the project goal the following objectives were applicable and 
important. The goals of the project covered the main synthetie steps required to 
deliver suitable dialdehyde building bloeks for DCL generation (see Figure 6.2.1).
The following five main objectives were included:
1) Demonstration of the synthesis of biaryl dialdehydes using Suzuki coupling 
methodology;
2) The show the reactivity of novel dialdehydes in macrocyclisation reaction;
3) The functionalisation reactions of biaryl dialdehydes or precursors;
4) To set up DCLs;
5) To prove the reversibility of the reaction.
Aims and Objectives
1.2 Study Design
Following the aims and objectives of this study, the strategy was formulated to 
synthesise a large number of dialdehydes. This was proposed to be by initial trial and 
error, which would give rise to functionalised dialdehydes.
A major objective of the study was to generate a library of functionalised biaryl 
dialdyhdes; therefore methodologies were explored that allow the facile coupling of 
an aromatic or heteroaromatic ring system, which would be funetionalised further 
without disrupting the ring system.
Another approach would have been to use an already existing functionalised 
aromatic ring and to have coupled it to a seeond aromatic ring system. The ease of 
this step would naturally depend on the tolerance of a chemical synthesis which 
would allow the functionalisation and coupling to occur without any additional 
synthetic steps, and preventing the potential protection of the carbonyl groups 
belonging to the aldehydes, which would then require de-protection. Initially the 
formylation of functionalised aromatic groups was explored. This was carried out by 
the Vilsmeir- HaacUreaction and by dilithiation reactions.**
Careful consideration of these strategies led to consideration of an alternative route 
of synthesis, as reaction conditions and yields were not promising enough for the 
reaction to be carried out across multiple starting materials. This led to the 
application of the widely-used Suzuki Miyaura cross coupling reaction.^ By Studying 
the coupling reaction mechanisms and understanding the potential limitations caused 
by the synthetic procedure, we were able to combat potential difficulties such as 
homocoupling. As a result, we paid careful attention to the choice of funetionalities 
and the stereochemistry of the aromatic ring system.
Once the above had been aehieved, it was possible to apply the route to a broader and 
more extensive range of eompounds sueh as boronic acids, aromatic and hetero­
aromatic starting materials. In order to create a larger pool of building blocks with a 
range of chemistry one can also use trifiates^ of funetionalised aromatic aldehydes. 
These can be used as coupling agents with complementary aromatic bromo- 
substituted aromatic aldehydes, where the equivalent trifiates*^ would also couple to 
aromatic aromatic precursors, and where the triflie acid would act as a pseudo 
transition metal. *^
Aims and Objectives
Another productive route of synthesis would be through the functionalisations of an 
aromatic ring attached by a methylene bridge, this provides the attachment of more 
functional groups and as it would be synthesised from salieylaldehyde derivatives.** 
The compound would bear the necessary reaction motifs required for the successful 
synthesis of the trianglimine which would eventually become a part of the DCLs.
The synthetic design outlined in the plan in Figure 1 maps the project with respect to 
the main objectives of the project and its timeline. The project would be divided into 
three main sections, taking into consideration the end point of each step, and most 
importantly the final endpoint of the aetual research project. The end points include: 
functionalised biaryl ring system formation, cyclocondensation reactions leading to 
diamine and triamine formation. The final end point of the research would be the 
suceessful formation of the receptor sites described in the initial scope of the project. 
This would however be dependent on the synthetic methodologies utilised up until 
this point. The main objective here would be to reach an end point without creating 
any additional or unnecessary synthetic steps. The synthetic chemist will naturally 
prefer an option that is more concerted in effect and requires a minimum number of 
steps.
Aims and Objectives
Figure 1. Design of Synthetic Procedure
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Final Objective o f Project Achieved: Receptor Site Formation.
The final object described above would give rise to a diverse range of maeroeycles 
and aldehydes, which bear the functionalities required for amino aeid binding and 
thus generate a good pool for a DCL.
Aims and Objectives
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1.3 Concept and Project Design
1.3.1 Scope of Project
The projeet involves the synthesis of funetionalised biaryl dialdehydes as building 
blocks for the synthesis of trianglamine maeroeycles and trianglimines, which will be 
used to generate combinatorial libraries. The maeroeyeles (hosts) formed will be 
used to mimic the funetion of antibiotics and hence allow the investigation of 
potential host-guest binding eomponents as shown in Figure 1.3. For this research we 
have designed aromatie dialdehyde trianglimine macrocyeles which will bear binding 
sites for oligopeptides typical of those within the bacterial cell wall.
H 0  = H O
Y"Y^ï'Y
H O
Figure 1.3. The in silico generation of host guest complex of a trianglimine receptor and the 
oligopeptide L-Lys-D-Ala-D-Ala-OH.
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c= N
HN.
NH
The biaryl dialdehydes in figure 1.4, list trianglimine precursors, which are synthetic 
targets for project. They contain a variety of the functional groups required for 
potential binding to the bacterial cell wall. The functional groups incorporated into 
the building blocks will offer binding motifs for the various functionalities in the 
oligopeptides (COO’, CONH, NHg"^  etc.).
COOH
HOOC SO,H
COOH SO,H
HOOC
Me.N
X =0, NH
Figure 1.4. Building blocks for trianglimines used as synthetic targets.
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1.4. Therapeutic Targets.
Currently there are around 150 antibiotics, which are available to treat diseases, and 
these include tetracyclines,^ aminoglycosides,^ penicillins,^ cephalosporins,"^ 
fluoroquinolones,"^ streptogramins,^ sulphonomides^ and erythromycins/ Antibiotics 
are medicinal chemical agents, each employing a particular mode of action. This can 
be to disturb the metabolic pathway of the organism, disrupt the cell wall 
biosynthetic pathway, or prevent the synthesis of essential proteins^ (Table 1.4.1). 
This methodology has been used since the 1930’s in order to combat infectious 
diseases such as pneumonia, typhoid fever and tuberculosis.^
Inhibition of Inhibition of Inhibition of
Cell Wall Synthesis Protein Synthesis Nucleic Acid Synthesis
Penicillins ^ Macrolides Sulphonamides
Cephalosporins Tetracyclines Quinolones
Cephamycins  ^Based on Aminoglycosides Azoles
Carbopenems P-lactam ring Chloramphenicol
Monobaetem Sodium fusidate
Vancomycin
Teicoplanin
Table 1.4.1 Modes of action of antibacterial agents.
Many antibiotics originate from bacterial and fungal secretions, hence there are three 
categories within antibiotic production. Firstly natural products such as penicillin 
have been discovered from the strain of fungus known as Penecillium notatum, this 
has proved very suitable for therapy over many years.^ However, Pénicillium 
chrysogenum is now used, which has been specially adapted to maximise the yield of 
the drug. Then there are semi-synthetic derivatives of natural products. These are 
chemically manipulated within the laboratory to improve efficacy, reduce side effects 
and most importantly to prevent resistance by the targeted bacteria. This can also 
expand the range of bacteria that can be treated by each antibiotic. There are also 
synthetic antibiotics, the first of which were the sulfa drugs known as 
sulphonamides.
10
Chapter One — Introduction
1.4.1. Inhibition of Nucleic acid Synthesis
Synthetic antibiotics such as sulphanilamide (Figure 1.4.1) work because they act as 
analogues of />ûfra-aminobenzoic acid (PABA) and prevent folic acid synthesis. 
This prevents both nucleic acid and protein synthesis, as folic acid is a precursor of 
amino acids, methionine and glycine, and it is also converted to purines and 
thiamines.
NH, NH-
O S NH2
para-aminobenzoic acid 
(PABA)
Sulphanilamide
Figure 1.4.1 The structure of PABA and its analogue sulphanilamide.
1.4.2 Inhibition of Protein Synthesis
Aminoglycosides are bactericidal-concentration-dependent antibiotics derived from 
soil bacteria; acinomycetes, or from semi synthetic derivatives of the natural product. 
These antibiotics are successfully used in the treatment of serious enterococcol 
infections and gram-negative bacillary infections. The aminoglycosides (Figure 
1.4.2) are least prone to resistance as they are effective even with large bacterial 
incolum, which contains bacterial cultures.
The antibacterial properties of aminoglycosides result from them binding irreversibly 
to the bacterial 3OS ribosome subunit, this causes inhibition during translocation of 
the t-RNA leading to the misreading of the mRNA.** Thus, it results in protein 
inhibition, as the bacterium is no longer able to synthesise essential growth proteins. 
Tetracyclines such as oxytetracycline, doxycyclin and chlortetracycline are also very 
successful bacteriostatic agents; they are mainly reserved for use during widespread 
resistance towards antibiotics. These also work by the inhibition of protein synthesis.
11
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on both gram positive and gram negative bacteria. They are used for the treatment of 
chlamydia, vibrio cholera and borrelia.
OH N
NH,
'NH.
HO OH
NHHO
HN,
Oxytetracycline
Tetracycline
Gentamicin
Aminoglycoside
Figure 1.4.2 The structure of oxytetracycline and gentamycin.
1.5. The Bacterial Cell Wall as a Target Site.
The bacterial cell wall is the principal barrier of the cell, which protects it from host 
invasion. It is therefore one of the key targets that can be exploited when developing 
new antibacterial agents. The clinical success of y^-lactams such as cephalosporins, 
penicillins (Figure 1.5) and glycopeptides^ such as vancomycin (Figure 1.6) have led 
the medicinal chemists to the understanding of their mode of action as well as to 
understanding cellular resistance at the molecular level. This has supported the 
development of novel antibacterial agents that target the bacterial cell wall. The cell 
wall constituents provide a variety of potential binding sites for antibacterial agents, 
therefore, the method of cell disruption can be achieved by considering these binding 
sites and manipulating to suit specific antibiotic activity. Therefore, depending on the 
target site, the antibacterial agent, which is being synthesised, will be complementary 
to the site of binding.
12
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COOH
Figure 1.5 Penicillin G, the arrow highlights the bond that is broken by y^-lactamases produced 
by some penicillin resistant bacteria
OH
HQH2N
ÇH2
HO,
,0 H
HO
HO
OH
■"I1IINH2 Vancomycin
Hexapeptide R l=  H
Vancomycin R l=
Figure 1.6 The Structure of Vancomycin.
The bacterial cell wall has a rigid polymer structure composed of a macromolecular 
network known as peptidoglycan or murein. This is composed of alternating pattern 
of sugar monomers as shown in Figure 1.7. The peptidoglycan may be present in a 
single layer as in Gram positive bacteria, or in multiple layers as seen in Gram 
negative bacteria.
13
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N-acetylmuramic acid
N-acetylgIucosamine_^'
/  Peptide chain
pentaglyclrie 
Interbridge
Figure 1.7 Peptidoglycan cross linking.
Peptidoglycan or murein is a molecular complex made from polymers of two sugar 
monomers: jV-acetylmuramic acid (NAM) and A-acetylglucosamine (NAG), these 
can be seen in Figure 1.8. The disaccharide unit is made of alternating 
monosaccharides NAM and NAG (the former with a peptide tail) that are linked in 
rows of 10-65 polymer units forming the carbohydrate “backbone”. This forms a 
lattice surrounding and protecting the cell.^ Structural strength is enhanced by 
periodic cross links between the third and the fourth amino acids with the adjacent 
peptides. Cross-linking occurs directly between amino acids or via oligoglycine 
inter-peptide bridges. Penicillin, for example, prevents this cross-linking and 
weakens the cell wall. Drugs, which disrupt the bacterial cell wall, are able to 
permeate the cell wall and bind to the peptidoglycan unit in the cell membrane. This 
increases the osmotic pressure of the cell, which leads to cell lysis.
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N-acetylglucosamine N-acetylmuraminic acid
NAG NAM
OH OH
AcHN AcHN
HO HO-
HO- NHAc HO-
L-AIa" L-Ala"
D-GIu
L-VAA*
D-Ala
D-Glupentapeptide
L-VAA ■IPB-
D-Ala D-Ala
D-Ala D-Ala L-VAA
OH OH D-Glu
L-Ala.
NHAc_ HO
H O -
* VAA: variable amino acid (with terminal NH2, usually Lysine)
IPB: inter peptide bridge most commonly found Gly-Gly-Gly-Gly-Gly
AcHN
OH
Figure 1.8 The bacterial cell wall constituents.’^
1.6. Antibiotic Resistance
Among the antibiotics that target the cell wall are the y5-lactam class of antibiotics, 
these include penicillin, cephalosporin, cefazolin and carbapenem.'^ The tricyclic 
glycopeptides, which include vancomycin also do this, and the most recently 
developed are the cyclic lipopeptides which include daptomycin.'^ The y5-lactams are 
the most widely used antibiotics as they can be used against a large number of classic 
infections.^ However, resistance from pathogens responsible for respiratory tract 
infections such as tuberculosis^"^ has lead to the need to develop alternative 
antibacterial agents. This can be achieved by the improvement of existing antibiotics 
or by chemical manipulation, based on genomic approaches.^ Vancomycin (Figure 
1 .6 ) which is usually used when all other antibiotics fail and 'as the last line o f  
defence against infections’, is commonly known to becoming ineffective due to 
resistance from ‘super-bugs’}^ Vancomycin resistant enterococcus is becoming a 
global problem which poses a threat to the chemotherapeutic application of this 
drug.^
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Chapter Two
Suzuki Miyaura Cross-Coupling Reactions:
Review.
2. Suzuki Miyaura Cross-Coupling Reactions.
C-C bond formations are a very useful tool in organic chemistry and provide the 
formation of building blocks which are able to produce larger compounds. The 
Suzuki- Miyaura coupling reaction allow for the coupling of a wide variety of 
organic compounds, the review covers the main features of the reactions and looks 
further into its application in forming aromatic dialdehydes. This is particulary useful 
as both aromatic an heteroaromatic ring systems can be formed without having to 
introduce the formyl group into the ring system, and instead using simple starting 
materials which already bear the fomyl group. An in depth review of the literature 
has enabled the understanding of the key parameters involved in the synthetic 
procedure and how this can be modified to produce a unique tailor made synthetic 
methodology to suit the starting materials which are to be used further in the project. 
Once the ideal conditions are met a library of the trianglimine building blocks can be 
generated and applied to trianglimine chemistry.
2.1 Introduction.
The Suzuki Miyaura cross coupling reaction^ involves various C-C bond formations, 
which occur between organoboaranes and organic halides, catalysed by palladium as 
shown in scheme 2 .1 , where the organohalide reacts with organoboronic acid in the 
presence of a base and a palladium(O) or palladium(II) catalyst.^ The main advantage 
of this reaction is the fact that it can be carried out under mild conditions and does 
not contaminate the final products by toxic waste or side product formation. ^
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Pd-catalyst
R-M + R ’X ----------------------► R’-R + MX
Base
Scheme 2.1 The Suzuki-Miyaura cross coupling reactions.
[M indicates a metal, X indicates a halide]
This is one of the most efficient and widely used methods of C-C bond formation. 
The Suzuki Miyaura cross coupling methodology has been of great synthetic utility 
during the last two decades for preparing conjugated alkadienes and alkenynes, 
arylated alkenes, 1,4-alkadienes, allylic benzenes, a, P-unsaturated carboxylic acids, 
2,4-alkadienoates^ and more recently the synthesis of biaryls and hetero biaryl 
systems.^
Several more recent related methods have been developed utilizing other 
organometallic compounds such as magnesium, aluminium, boron, silicon, copper, 
silver, mercury and zirconium reagents
The scope of these methods relies heavily on the limitations of the metal involved 
and the procedure followed. These include the early work carried out by Murahashi 
involving the palladium catalysed reactions of Grignard reagents."  ^ The synthetic 
utility of these reactions was extended further by Negishir^ who investigated 
reactions using organolithium, aluminium, zinc, and zirconium reagents.^ Other use 
was demonstrated using organostannanes by Migita^ and Stille,^ 1-alkenyl copper (I) 
by Normandt,^ organosilicon compounds by Hiyama^ and Leibeskind-Srogl^^ and 
organomagnesium by Kumuda.^^
The advantages of the Suzuki Miyaura cross coupling reaction were very closely 
associated with the commercial availability of boronic acids. These were found to 
have low toxicity, which made them environmentally friendly in comparison with 
other metals and hence safer to use. This is especially applicable when scaling up 
reactions when using metals such as tin,^  ^which are more toxic.
The mild conditions employed in the reactions are an important factor when 
considering large scale cross coupling synthesis.
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Boronic acids are thermally stable and inert to water and oxygen, therefore boronic 
products are easier to handle and to dispose of in comparison with other 
organometallic reagents such as w-butyllithium M-(BuLi).
Boron is much more electronegative^^ in comparison with other the hard Lewis 
metals (using the Pauling scale), with a value of 2.04. This can be compared with 
lithium or magnesium, which have electronegativities of 0.98 and 1.31, respectively. 
Carbon on the other hand is more electronegative than boron with a value of 2.55. 
This illustrates one of the primary reasons why Boron is the metal of choice for such 
couplings.
A smooth transfer of the organic group from boron to the relevant palladium centre is 
enabled most commonly by an oxygen based nucleophile,^^ which attacks the boron 
yielding a borate intermediate of increased nucleophilicity. Hence, the addition of a 
base is essential for the success of a coupling reaction.^’^
The key step in the cross-coupling reaction of organoboron compounds involves the 
transmetallation to palladium(II) halides.^ Organoborane compounds are reactive 
enough to even allow transmetallation to other metals such as silver(I), 
magnesium(II), zinc(II), aluminium(III), tin(IV), copper(I) and mercury(II) halides as 
reported by Negishi in 1978 when he found selective coupling between iodobenzene 
and the 1-alkenyl group of lithium 1-hexynyl (tributyl) borate via the palladium 
catalysed reaction.^^
Apart from the practical aspects of the aforementioned reaction procedures, the 
advantage of Suzuki couplings over the use of classical Grignard reagents also lies in 
the fact that these attack some functional groups within the organoborane or 
organohalide starting materials, whereas Suzuki coupling allows the presence of 
mildly acidic and electrophillic functionalities.^^ This drawback posed by magnesium 
reagents can also be effectively counteracted by using other metals such as tin, 
however, this would increase toxicity and expense during large scale reactions.^ 
Other substrates have been successfully used to carry out Suzuki cross coupling 
reactions in high yields, these are trifluoromethanesulphonates (triflates) and aryl 
triflates and sulphonates.^^
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Sulphonates have also proven to be an attractive option as they are cheaper to 
prepare and are more stable than triflates with inexpensive and readily available 
starting materials. An area deemed worthy of further research within this field lies in 
aromatic coupling reactions to yield diformyl biaryls. These can be carried out 
effectively using the Suzuki Miyaura cross coupling reactions as outlined in Scheme 
2.2.3.
2.2 Synthesis of Boronic Reagents
2.2.1 Synthesis from Organolithium and Magnesium Reagents.
The classical method of synthesising aryl and 1-alkenylboronic acids and their esters 
involves the reaction of trialkylborates^ with Grignard or organolithium reagents.^ 
The method readily yields simple boron compounds in large quantities as seen in 
Scheme 2.2.1^ Some of these methods are highlighted in Scheme 2.2.2. The only 
limitation of the èw-alkylation is the potential borinic acid and trilkylborane
formation
ArMgX
10
B(0 Me)3
11. H3O'
ArB(0 H)2
i. B(0 Me)3
CH2= CHMgBr ______________________ ^
ii. H3 0 ^
Scheme 2.2.1 The general synthesis of boronic acids.
C H 2 = C H B (0 R )2
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^ 3  Br
H CHi
Mg
EtO: H
B(0 CH3)3
CH3
^^ 3  ^ MgBr
CH.
H.O
H
B(0 H)2
CH3
Scheme 2.2.2 A specific synthesis of a boronic acid.
2.2.2 Synthesis from Hydroboration of Terminal Alkynes and Alkenes.
The most efficient stereo-defined synthesis of 1-alkenyldioorganoboranic acids and 
esters involves preparation by the monohydroboration of terminal alkynes by 
dialkylboranes^ such as disiamylborane (la), 9-borabicyclo[3.3.1]nonane (9-BBN), 
dicyclohexylborane and catecholborane (lb) or dihaloboranes (Ic) followed by the 
process of hydrolysis to vinyl boronic acids or alcoholysis to boronic esters (2 c). 
This produces the corresponding E-1 -alkenyldiorganoboranes with high 
stereoselectivity at 99%.^ The reaction follows a cis anti-Markovnikov addition on to 
double bonds by placing the halide group on the less sterically hindered side of the 
double bond as shown in Scheme 2.2.3.
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R'C=CH HER.
R
H
H
BR.
la  R] (  CH— CH— CH3 )= (Sia)2
CH3 CH3
lb  R2
ic  R] Br2 SMc2
2c R;2 _
R
H
H
B(0 R)2
Scheme 2.2.3 Anti-Markovnikov addition by placing the BR; group on the less sterically 
hindered side of the double bond.
Recent modifications in the use of dihaloboranes include the in situ preparation of 
HBCI2 in a hydrocarbon solvent from BCI3 and HSiEt3.^  ^ This increases the 
reactivity of the reagent so that hydroboration occurs at -78°C, this requires work up 
with isopropanol and produces corresponding boronic acid esters. Disiamylborane 
(la) is one of the mildest hydroborating agents used for selective hydroborations, 
ideally for functionalised alkynes. However, its use is limited as cross coupling can 
be more difficult for this reagent.
All the methods described above are prone to the limiting factor of contamination by 
the side reactions. This would yield another isomer and can cause ôw-alkylation 
leading to trialkylboranes and other boronic acid derivatives. Contamination by the 
side reactions can be avoided in a more recent method, which involves reacting the
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corresponding lithium compounds with sterically hindered borates^^ such as tris- 
isopropyl borate, where the R group can be alkyl, aryl, 1-alkenyl, and 1-alkynyl 
(shown in Scheme 2A)}^ The reaction requires acidification using hydrochloric acid, 
this results in the corresponding boronic esters which have been reported at yields
greater than 90%. 
RLi + B(OPr%-
13
R -B (O Pr% — HÔ----- ► R-B( OPr%
Scheme 2.2.4 A reaction of trls-isopropyl borate with organolithium regents.
2.2.3 Aryl Boronic Acids
The reaction tolerates a wide variety of functionalities (denoted by Y) such as ester, 
nitrile, nitro and acyl groups (Scheme 2.2.5). The Ar-H bond can also be broken in 
some cases (Scheme 2.2.6).
Y
X
(R0 )2B-B(0 R)2
PdCl2(dppf)
KOAc
DMSO, 80°C
Y
Scheme 2.2.5 Arylboronic esters can be obtained from aryl halides using alkoxy diboron.
i PrzN^O iPrzN ^O
RLi
OH
/
B(0 Me)3
Scheme 2.2.6 The preparation of aryl boronic acid from trimethyl borate and aromatic 
compounds with an EWG.
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Another feasible method, which can be employed for the production of aryl boronic 
acids, involves the exchange reaction between borane in THF and arylmetallic 
derivatives.^® This leads to aryl boronic acids in low to modest yields (9-60%), 
however the yield can be increased by using aryltrialkyltin compounds.
The reaction between aryltrialkyltin and BH3 produces a mixture of trialyltin hydride 
and arylborane, which upon hydrolysis gives a high yield of the aryl boronic acid, as 
seen in Scheme 2.2.7.
RsSnAr + BH3 R3SnH + ArBH2 ArB(0 H)2
Scheme 2.2.7 Aryl boronic acid synthesis from arylmetallics and borane.
2.2.4 Aryl Boronic Esters
Functional groups such as esters, nitriles, nitro and acyl groups can be 
accommodated on the aromatic ring by reacting tetraalkoxydiboranes with an 
arylhalide.^"^ The addition of tetraalkoxydiboranes to alkynes using platinum(O) 
complexes yields cw-diboroalkenes.^' Alkoxydiboranes are thermally stable and 
easily handled in air, therefore the complex can be maintained at the platinum(O) 
oxidation state. Cross coupling would then be achieved with organic halide as the 
reagent, which would act as the boron nucleophile. A novel one step reaction was 
first used for the preparation of boronic acid esters.A rylboronic acids esters were 
prepared by a one step palladium catalysed cross-coupling, between 6 i.y-(pinacolato)- 
diboron and aryl halides^^ as seen in Scheme 2.2.8.
Br
PdCb (dppf)
KOAc
Scheme 2.2.8 The preparation of aryl boronic esters via the Pd route.
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Chloroarenes are also efficient as substrates to give boronic acid derivatives/^ 
although they are less reactive in relation to other organohalides (Figure 2.2.9). The 
catalyst system outlined in Figure 2.2.9 is efficient in the coupling reaction of less 
reactive aryl bromides or triflates with electron donating substituents under mild 
conditions. The reactivity of the organo halide group decreases in the following 
order: I > Br > TfO > C l.
PCy3 /KOAc 
Dioxane, 80°C
Scheme 2.2.9 The preparation of aryl boronic esters from chloroarenes.
Aryldiazonium tetrafiuorates salts are readily available from anilines (Figure 
2 .2 .1 0 ) and are an inexpensive synthetic alternative to the corresponding halides and 
triflates, as demonstrated by Strongin and W illis .T h ese  can also be employed in 
Suzuki cross couplings.
N 2BF4
+
O v g /O  pdCl2(dppf)K0Ac 
MeOH
O O
Scheme 2.2.10 The preparation of aryl boronic esters from aryldiazonium tetrafluroborate salts.
Sterically hindered boronic esters such as naphthalene boronic ester, mesitylene 
boronic ester and 2-biphenyl boronic ester have been reported at 85%, 85%, and 89%
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yields respectively (Scheme 2.2.11). This has been achieved through anhydrous 
conditions and modification of the work up p rocess .T h is  has been reported to have 
used work up preparations in the absence of acidic or basic conditions, and by using 
an ethylene glycol medium in toluene, the boronic ester would then be isolated by 
solvent extraction. Corresponding boronic acids have been reported in a yield of
51%. 19
85%85% 89%
Naphthalene boronic ester 2-Biphenyl boronic ester Mesitylene boronic ester
Scheme 2.2.11 The preparation of sterically hindered aryl boronic esters.
2.3 Catalyst Development
2.3.1 The Palladium Catalyst
Palladium (Pd) has two readily available valency states, Pd(0) and Pd(II) which are 
found in Pd(0 )(PPh3)4 and Pd(II)Cl2(PPh3)2. Palladium(O) complexes are square 
planar, tetracoordinated with a coordination number of 4 (Figure 2.3.1.1), normally 
found as stable 18 electron complexes, tetracoordinated Pd(II) can also possess a 
fairly stable 16 electron outer shell. The Pd(0) atom has 10 valence electrons (4s^, 
4p^ 4d“’).
Figure 2.3.1.1 Palladium(O) complex.
The palladium mediated coupling is enabled through oxidative addition and 
reductive elimination."^ Oxidative addition involves the conversion of Pd(0) to Pd(II).
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Where the metal acts as a nucleophile and needs to be electron rich. The reverse 
would involve reductive elimination whereby the process would require a vacant site 
on the Pd. Pd(0) would be regenerated by the replacement of one of the ligands 
(Figure 2.3.1.2).
Zero valent palladium compounds are the most reactive and are widely used as 
catalysts in organic synthesis, examples are e^^ raA:/5(triphenylphosphine)palladium(0 ) 
[(Ph3P)4 Pd] and ôw-(dibenzylideneacetone) (Figure 2.3.1.3) palladium(O) [(dba)- 
iPd]. These compounds are best handled under nitrogen or argon as prolonged 
exposure to air can lead to oxidation. The ease of dissociation of the complex in 
solution is responsible for its reactivity. This leads to the formation of 14- and 16- 
electron compounds which are highly electrophilic and are co-ordinatively 
unsaturated.
Pd(0)
16e‘
Often polar
1 f Oxidative Addition 
+ A— B --------------------- ^
Reduction Elimenation
A
I
Pd(II)
B
Pd(n) X
B-Elimenation
Pd(II) X
Scheme 2.3.1.2
O
Figure 2.3.1.2 The structure of Z>/5-(dibenzylldeneacetone) ( DBA).
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2.3.2 Aromatic Biaryl Ring Systems
Aryl halides are the most commonly used substrates in the biaryl coupling process. 
The reactivity of the aryl halides (Scheme 2.3.3) depends on the presence of electron 
donating or withdrawing species on the aromatic system. Sterically hindered aryl 
ring systems can be obtained by the utilising strong bases such as Ba(0 H)2 and 
NaOH which accelerate the coupling process as explained earlier in 2.3.1. The less 
reactive aryl chlorides can only be used when they contain electron withdrawing 
groups and heteroaromatic ring systems. The presence of chlorinated aromatic ring 
systems are sometimes favoured as they are cheaper than their brominated or 
iodinated counterparts.
'  BOO
EWG= -CFs, COR, -CN EDG= OMe, -NR]
X= Halogen
(Where > denotes more reactive than)
Scheme 2.3.3 The Reactivity of the Aryl Halides.
Other metal catalysts have been reported in Suzuki-type reactions, e.g. those 
involving aryl boronic acids catalysed by Nickel compexes.^^ Nickel complexes are 
known to activate chloroarenes more easily, the methods employed were applicable 
to aryl mesilates, tosylates and aryl chlorides with a wide variety of functionalities.^^
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Ar^ -Ar^ Ar^ Br
OXrDATTVE ADDITION
.TRANSMETALATTON
NaBr
Ar-B(0%  » Ar^-B(0%
Scheme 2.3.4 The catalytic cycle of palladium in the Suzuki-Miyaura cross coupling reaction.
2.3.3 Cross Coupling
The catalytic activity of palladium in the Suzuki reaction is commonly depicted in a 
catalytic cycle, as seen in scheme 2.3.4. This involves sequential oxidative addition- 
transmetallation-reductive elimination; each step is composed of further reactions, 
which involve ligand exchanges.O xidative addition of 1-alkenyl, 1-alkynyl, allyl, 
benzyl and aryl halides to the palladium(O) complex forms a stable trans- 
organopalladium halide complex (R^-Pd(II)-X) exhibiting a retention of 
configuration with alkenyl halides^^ (and inversion of configuration with aromatic 
and allylic halides). The presence of p-hydrogen within the alkyl halide hinders the 
reaction as it allows competing with p-hydride elimination from the a- 
organopalladium(II) complex.
Oxidative addition is considered to be the rate-determining step in the reaction, and 
is followed by transmetallation, which yields a diorganopalladium complex (R^-Pd 
(II) - R^). The success of the reaction depends upon the ease of the displacement of 
the halide ion. The relative reactivity of the reagent decreases in the order of I > OTf 
> Br > Cl. Also the presence of an electron donating group would decrease reactivity
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of the 1-alkenyl and aryl halide, whereas an electron withdrawing group would 
increase reactivity of the oxidative addition by stabilising the a-C-Pd bond. 
Therefore, aryl chlorides have a decreased reactivity, attributed to their reluctance 
towards oxidative addition to Pd (O).this is due to the strength of the Ar-Cl bond ( see 
table 2.3.3).^^ Once formed the subsequent diorganopalladium(II) complex can 
undergo reductive elimination to form the carbon-carbon bond, which also 
regenerates the palladium(O) complex.
Aryl-X Bond Strength 
(kcal/mol)
Cl 96
Br 81
I 65
Scheme 2.3.3 Table showing bond energies for aryl halides.
2.3.4 Role of the Ligand.
Reductive elimination is greatly enhanced by the choice of ligand and its ability to 
dissociate and to regenerate the Pd catalyst. The reaction proceeds directly from the 
production of cis- and ^ra«5-organopalladium complexes as seen in scheme 2.3.5. 
The order of reactivity decreases from diaryl- > (alkyl) aryl- > dipropyl- > diethyl- > 
dimethylpalladium(II) which suggests the involvement of the 7i-orbital system of the 
aryl group during the bond formation.
L
I
P h - P d - P h
I
L
Pd Ph-Ph +  Pd“L2
Scheme 2.3.5. The product from CM-organopalladium complexes.
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Excess phosphine ligand inhibits the thermolysis of cw-arylpalladium(II) complex, 
which is a coupling intermediate, this is vital as the reductive elimination process 
only occurs from the cw-complex. In the tetradentate ligand, cis, cis, cis-\, 2, 3, 4- 
tetrakis, (diphenylphosphinomethyl)cyclopentane (tedicyp) shown in Figure 2.3.6 
four diphenylphosphino groups are stereospeciflc to the same face of the 
cyclopentane ring. The presence of the four-phosphinyl groups in the proximity of 
the metal centre increases the coordination of the ligand to the metal thereby 
increasing the stability of the catalytic system.
This makes Pd(PPh3)4 a very popular choice of Pd catalyst, the steric demand of the 
phosphine group affects the ease of dissociation of the Pd-ligand complex, which 
increases: dppe «  PEtg < PEtiPh < PMePh2 < PEtPh: < PPhg
Ph^P —-V y—  PPhi
Ph.P
Figure 2.3.6. cis, cis, cis-1,2 ,3 ,4-fe/raA:/5(diphenylphosphino-methyI) cyclopentane (tedicyp).
Reductive elimination is greatly enhanced by the presence of ligands with a large bite 
size (Figure 2.3.7), as the complex becomes more susceptible to nucleophillic attack 
where the ligand has a larger bite angle. This can be seen by comparing the rates of 
reaction of various phosphine ligands.^^ Complexes with a larger P-Pd-P angle 
showed faster nucleophillic attack and this has been monitored by *^P NMR 
spectroscopy. This has been known to favour reductive elimination over p-hydride 
elimination.
An example of such ligand is Pd (CI2) (dppf) 1,1-6/5-diphenyl-phosphinoferrocene 
(dppf), which as Pd (Cl2)(dppf) is found to be an effective catalyst for cross coupling. 
The reason is that the bidentate phosphine ligand enforces c/5-geometry between the 
alkyl and vinyl/aryl substituents, which can then proceed to reductive elimination.^ 
The large bite angle (99°) results in a smaller angle between the alkyl and vinyl/aryl 
substituents (Figure 2.3.7).
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^ ^ P P h 2
Fe 
^ ^ P P h z
d p p f
Figure 2.3.7 Bite angles as displayed by Pd (CI2) (dppf) 1,1-^/s-diphenyl-phosphinoferrocene.
The minimisation of the angle between the metal-bound substituents is thought to 
promote reductive elimination by the increase of the orbital overlap.^^
The transmetallation step involving the organopalladium(II) halides is dependent 
upon the base being used, as the basic nucleophile assists the departure of halide on 
Pd(II), thereby facilitating subsequent transmetallation involving the boronic acid. 
The organic group on boron is not sufficiently nucleophillic, therefore cannot 
facilitate a transfer from the boron to the palladium in the transmetallation step. This 
is due to the strength of the covalent bond of the B-C bond in the organoboron 
compounds. The carbanion properties of the organic groups can be increased by the 
formation of the organoboron ^'ate ” complex with tetravalent boron atom which uses 
a nucleophillic base allowing for the transmetallation step to occur more readily in 
order to coordinate the Pd metaP^ (Scheme 2.3.8.1).
The base is also able to displace the Pd bound halide group formed during oxidative 
addition, thereby producing a more reactive Pd-OH or Pd-OR (Scheme 2.3.8.1) and 
generating a metal centre by making it capable of coordinating to the organoborane. 
Thus transmetallation will be favoured via the formation of tetra-coordinated boron 
compounds. It has been proposed that a cyclic transition state exists during the 
transmetallation process, which yields a //2-hydroxo-bridged intermediate^^ (Scheme 
2.3.8.3), which proceeds with the retention of configuration^^.
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:b —R
RO- R^ Ÿ
 o —B.
R
Boron-flfe complex 
Scheme 2.3.8.1 Boron-a/g complex formation.
R zr
>-B~
RL2PCI+
RO-
R'L^PdX RL^PdOR
—R
R
R
o - ^
R'L^P
Organoborane
Scheme 2.3.S.2 Pd-halide displacement
H
P B :
R'L2P d -- ;.C -
s '' >
//2-hydroxo-bridged intermediate
^Transmetallation intermediate ,16
Scheme 2.3.S.3 //^-hydroxo-bridged intermediate formation.
2.3.5 Suzuki coupling with other Catalysts and Ligands.
The type of ligand used regulates the ease of dissociation from the catalyst; therefore 
a ligand, which is able to do this well, can be used as a potential ligand. 
Nucleophillic jV-heterocyclic carbenes such as imidazol-2-ylidenes (Figure 2.3.9) 
have been reported to mimic phosphine; these do not dissociate from the metal centre 
and so are not required to be in excess to prevent aggregation of the catalyst to 
regenerate the palladium.
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Figure 2.3.9 A^-Heterocyclic carbene ligand.
2.4 Biaryl Synthesis
Pd(PPh3)4
^  \_ Û  NajCOj (aq)V _ / /
: CgHg (reflux)
Scheme 2.4.1 Biaryl synthesis via Suzuki-Miyaura cross coupling reaction.
Straightforward biaryl synthesis was first observed by Suzuki in 1981.^ The 
successful cross coupling reactions (Scheme 2.4.1) of aryl halides bearing sj^  C- 
halogen bonds, led Suzuki et a l.\o  explore further the formation of biaryl systems, 
finding toleration for a wide variety of electron donating groups, NHAc, Me, OMe, 
NH] and NMe] and electron withdrawing groups such as CN, CHO, C02Me and 
COMe. The studies of Moreno-Menas et al?^ reported that the more electron 
withdrawing substituents (CFg) gave a lower yield of compound, therefore a more 
electron donating group (OMe) would subsequently increase the yield obtained. They 
observed that oxygen accelerated the catalytic cycle (Scheme 2.4.2) and led to 
homocoupling which was a limiting factor in the reaction mechanism.
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Ar-B-OH
^  PdL2 + 2L BOH
■BOHAr •Pd
Ar
A r-A rPd
0=B-OH
BOH2
Scheme 2.4.2 Acceleration of the palladium catalytic cycle by oxygen.
2.5 Synthetic Applications of the Suzuki My aura Cross Coupling Reaction
The Suzuki reaction has widespread application within the synthesis of biologically 
active compounds and pharmaceuticals. One of its current most successful 
applications has been the synthesis of michellamine, which acts as a HIV alkaloid, 
and is a potential drug for AIDS.^^ The Suzuki reaction is a direct method in which 
carbon-carbon bond formation occurs therefore it can be applied to make the carbon 
skeleton structure of most natural products.
2.5.1 The Synthesis of Bombykol
Bombykol is a pheromone initially isolated from Bombyx mari L. Bombykol and its 
three isomers were synthesised by Butenandt et al?^ The total synthesis of bombykol 
and its three geometric isomers were synthesised via cross coupling reactions.
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1. Bn
2. NaNHj^NHj
O
2 h—B
O
OH,
,B(OH)
O
H—B
;CH
1. Bn
2. NaOMe
H
H
Br
H O
O
H
H B(OH)
H H
Pd(PPy,
NaOEt
benzene, reflux 
2.5 hours 
82%
Bombykol
Scheme 2.5.1 The synthesis of Bombykol by using the Suzuki-Miyaura cross coupling 
methodology.
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2.5.2 Synthesis of /raws(Cio)-AIlofarnesene
trans (Cio)-Allofamesene is a precursor of squalene^^ which is the precursor of 
cholesterol, and cholesterol is the parent steroid used to synthesise all steroid 
hormones within the human body. These include the oestrogens, testosterone and 
cortisone. Therefore the successful synthesis of this compound gives the potential of 
total steroid synthesis.^*’
CHOOH
MnO,
.Br
2BuLi
2 ,
BrZn
95%
90%96%
O
H—B
O
72%
1. Br.
2. KOH
Br
Br 1. PdL,, NaOEt
benzene, reflux 
89%
Isomeric Purity > 94°/
Scheme 2.5.2 The synthesis of ^rfl«5-(Cio)-AIlofarnesene by the Suzuki-Miyaura cross coupling 
methodology.
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Chapter Three 
Molecular Triangles: Review
3.1 Preparation.
The macrocyclisation reaction reported by Gawronski et al} has lead to the 
synthesis of novel macrocycles, which bear a unique molecular architecture. 
Gawronski^ and Hadacova^ reported on the formation of [3+3] cyclocondensed 
Schiff Bases in the absence of a template-controlled reaction. Gawronski’s work 
concentrated on the self-assembly of the macrocycles, and the geometric 
conformation displayed specifically by the imine bonds that were formed in the 
cyclisation. Gawronski’s research group also looked very closely at the reactions, 
which involved the study of enantiomerically pure C2-symetrical (IR, 2R) 
diaminocyclohexane (1) with a series of aromatic dialdehydes such as 
terepthalaldehyde (2) or isoterepthalaldehyde (3), via a [3+3] cyclocondensation 
reaction.
The reaction introduced by Gawronski involved [3+3] diamine-dialdehyde 
condensations, which yield triangular 27- and 30-membered hexaiminomacrocycles.^ 
These structures have since been investigated further by Kuhnert et al.'  ^ and were 
later termed trianglimines (3) and trianglamines (4) due to their triangular structure.
by Kuhnert et aV
(1& 2R)-\
+ 3
[3+3] cydocondensation
DCM, 0°C
Triangjimine
4
Scheme 3.1.1 Preperation of trianglimines.
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Q  Q
^ N H Î N ^
Ar (i)NaBH4 ^Ar \
^  Ni* (ü)THF/MeOH(l:l),(2hours) NH h N.
Trianglimine Trianglamine
3 4
Scheme 3.1.2 Preparation of trianglamines.
The macrocylisation reaction involves the formation of six C=N imine bonds 
(Scheme 3.1.1), these are readily reduced by sodium borohydride to yield the 
equivalent trianglimines (Scheme 3.1.2).
The strategy outlined has been pivotal for the synthesis of substituted isophthalyl, 
terephthalyl, biphenyl and 9, 10-anthracenyl linkers (see Figure 3.4.9), with each 
substituent having a direct effect on the size of the cavity. Using the basic principle 
outlined by Gawmski, the [3+3] cydocondensation reaction was extended further by 
Kuhnert et a.l by the incorporation of a variety of dialdehydes into the reaction 
procedure.^ The chemistry thus developed in previous work can be brought together 
to allow the synthesis of novel macrocycles with unique and specific cavities 
available for binding in host guest studies.
The reaction mechanism followed in the formation of molecular triangles is via 
normal imine formation,^ (Scheme 3.1.3).
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o
R H
-H+
-  f
O N— H
A  -
H
Scheme 3.1.3. Mechanism of imine formation.
3.2 Conformational Isomerism of the Imine Bond
R'
n:
A
R'+ I
' O C
R H
-up
H ,R'
-H+
A
180 °
syn anti
Scheme 3.1.4 Syn and anti conformées of the imine moieties.
The reaction is governed by conformational bias; MMX molecular modelling studies 
of A^-benzylidenecyclohexylamine carried out by Gawronski suggested a preference 
for the syn conformer (ASE [kcal/mol]=0) of the structure over the ««^/-conformer 
(ASE [kcal/mol]=0.92)^ (Scheme 3.1.4).
H H
NH.
NH.
H a
NH
60°
Scheme 3.1.5 The structure and dihedral angle in IR, 2R, -diaminocyclohexane.
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The stereochemistry of the (HC-N=C) bonds were studied further by Kuhnert et al 
The main objective of their study was to determine the most favourable isomers 
when considering meta- and para- substituted imiines. This was assessed by using 
sterie energy differences (ASE) between all possible s-cis and s-trans conformers. 
The dihedral angle was determined by the rotational freedom of the C-N bonds 
connecting the cyclohexanyl ring (Cy) with the aromatic ring,^’^  as seen in Scheme 
3.1.5). It was reported that the s-trans arrangements were favoured as sterie energy 
differences were calculated to be of lower energy (where ASE ( [kcal/mol] is 0) in all 
cases^ and is the favoured conformer for the synthesis of building blocks for the 
macrocyclisation (see Schemes 3.1.6 and 3.1.7).
syn-cisi syn-trans syn-trans2
ASE [kcal/moI] 0.37 0.60
Scheme 3.1.6 Syn and trans arrangements found in the m^/a-substituted trianglamine 
macrocycles.
syn-trans syn-cis
ASE [kcal/mol] 0.07
Scheme 3.1.7 syn and trans arrangements found in the para- substituted trianglamine 
macrocycles.
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3.3 Trianglimine Nomenclature
The trianglimines have been named by following the lUPAC’s rules for annulenes. 
They have been numbered according to their specific structures by starting from an 
imine, following it around the inner skeleton of the triangle. Both carbons involved 
in the imine bond forms the comers of the structure. The numbering system should 
give rise to the highest number possible. The numbering system established is aimed 
to incorporate the three main features of the structure (Figure 3.2.1).
• stereochemistry,
• position of the eyelohexane ring within the structure,
• any functional moieties present on the aromatic ring.
Any additional carbon existing on the aromatic ring system, or its substituents will be 
termed as prime.
{2R, 3R, 12R, 13R, 22R, 23R)-h 4, 11, 14, 21, 24-Hexa-aza-(2, 3: 12, 13: 22, 23)- 
tributano- (6, 9: 16, 19: 26, 29)-trietheno-(2H, 3H, 12H, 13H, 22H, 23H)- 
hexahydro-(30)-annulene.
30 N -^5
Figure 3.2.1 The numbering system displayed in trianglimine 3.
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3.3.1 Trianglimine Structure and Dimensions
Molecular modelling studies at the MM2 level were carried out by Kuhnert et al? to 
determine the dimensions of the trianglimine cavity were calculated from averages of 
the minimum conformations observed.^ The minimum energy experiments carried 
out assumed that the 1,2-diaminocyclohexane moieties formed the comers of the 
structure, where the base was formed by the aromatic groups. The dimensions below 
are the estimated heights and width of the structures which were determined using 
the through space distance between two adjacent 1, 2-diaminocyclohexane rings.
The height of the ring was estimated by the through space distance between the 
centre of the 1, 2-diaminocyclohexane ring and the centre of the opposite aromatic 
moiety or the centre of the biaryl ring. The structures below show that the 
dimensions almost double in the biaryl ring system.
14.20 Â 9.50 Â
-=N N—
13.60Â 7.30Â
Figure 3.3.1 Dimensions determined for the macrocycles.
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3.4 Dialdehyde Synthesis
Gawronski et a l reported the synthesis of trianglimines using enantiomerically pure 
(li^,2^)-1,2-diaminocyclohexane, which reacted with terepthaldehyde and 
isophthalaldehyde. ^ The reaction yielded 27 and 30-membered trianglimines.^ The 
methodology outlined by Gawronski has laid the foundation for much more elaborate 
structures which have arisen from the functionalisation of the macrocycle in 
question.
Enantiomerically pure trianglimine and trianglamines were reported by Kuhnert et al. 
with ring sizes varying between 30 and 56.^These were synthesised from a range of 
aromatic dicarboxaldehydes and diformylanthracenes.^’"^
The synthetic strategy^’^ ’^  employed by the group involved the synthesis of 
functionalised dicarboxaldehyde by using readily available starting materials, 
which served as the skeleton of the dialdehyde and which were substituted by 
alkylation and acylation.^’^  The steps involved initial substitutions with the selected 
functional group followed by dilithiation by double lithium bromide exchange 
(Schemes 3.4.7 and 3.4.8).
B f
Bry (i)
OHC /  \  /
CHOy
(i)
OHC CHO
Scheme 3.4.7 Reagents and conditions (i) 1) 1.3 eq «-BuLi, -78°C, THF, 30 min; 2) 2.3 eq DMF, 
3) 3.3 M HCI
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Br
CHO
CHO
Scheme 3.4.8 Reagents and conditions (i) 1.3 eq /i-BuLi, -78°C, THF, 2 h; 5.3 eq. DMF, -78°C, 
THF, 0 min; 6.3 M HCI
CHO CHOOHQ
CHOOHC
CHO
5 6
Figure 3.4.9 Aryl building blocks synthesised by Kuhnert et al.^
3.5 Trianglimine Synthesis
The dialdehydes synthesised were used as the building blocks for the investigation of 
the [3+3] cydocondensation reactions. These in most cases resulted in the target 
compound as the thermodynamically more stable product, however small quantities 
of the [2+2] cydocondensation product were also reported both by Gawronski^ and 
Kuhnert et al^ these were present upon macrocylisation using 1, 3-disubstituted 
dialdehydes. This has lead to the belief that the reaction leading to the [3+3] 
cydocondensation products is under kinetic control,^ which is verified by the fact 
that molecules of smaller weight and functional complexity are driven by kinetic 
control and in most cases can lead to open chain products.
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N N {2R, 3R, \6R, \7R,30R,31R)
{2R, 3R, UR, 15R, 27R,2UR)
Q _  6 - ^ ^
MeO
(27^  72;^  7 2 2 7  ^237^
/
N
=N N
(2R,3R, 16R, 17R,30R,3\R)
Figure 3.5.1 The structures of the macroeycllc trianglimines used in host guest studies by 
Kuhnert et al2
However under reflux in DCM the [2+2] cyclocondensation product was obtained. 
Further crossover experiments using the trianglimines in Figure 3.5.1 unambiguously 
showed the reversibility of the reaction.^ Crossover experiments involved mixing of 
two dialdehydes from Figure 3.4.9 with cyclohexamine (1) and this gave a mixture of 
all four possible reaction products, characterised by ESI mass spectroscopy. The 
above proves that the trianglimine compounds are governed by the presence of 
reversible dynamic bonds between the amine and the aldehydes functionality. This 
has been fully verified with the DCL concept outlined by Sanders and Lehn,^°’ 
where they have identified the distinctive difference in the two concepts^"^’^^ ’^^  
(outlined in Chapter 4).
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Dynamic Combinatorial Libraries (DCL)
4, The Generation o f DCL
4.1 An Introduction to the Generation o f DCUs.
The concept of supermolecular chemistry has travelled a great distance since it was 
first published in the Nobel Lecture/ The main difference between ordinary 
combinatorial chemistry and Dynamic Combinatorial Chemistry (DCC) is that in 
DCL the reactions that govern the links that bind the building blocks together are 
reversible/ This contributes to the existence of interchangeable building blocks 
between the members of the D C L/’^  and the products which are thermodynamically 
controlled/ In standard combinatorial chemistry every bond formed is a fixed 
covalent bond and unaffected by further reactions/
The main key interest within the concept of DCC is the generation of a DCL. In this 
all members of the library are linked by building blocks, which are reversible.^ This 
leads to an array of interchangeable motifs between each member, the end result 
being a thermodynamically stable structure, which can be influenced by external 
conditions such as temperature.^ Dynamic chemistry can involve the process of 
synthesising thermodynamically favoured compounds without using templates.^ The 
aim is to synthesise compounds with a cavity that is capable of recognising its guest, 
in this way it will be applicable to the field of antimicrobials, as we have previously 
suggested (Chapter One).
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The chemist’s approach would be to work on a compound that bears the potential 
binding sites, and through structure activity relationships or practical experiments 
modify the structure according to trial and error.
4.2 Dynamic Combinatorial Chemistry vs Supramolecular Chemistry
This process has been known to work well and has lead to a breakthrough in host 
guest design ,how ever a concept of a design process in which one allows chemical 
evolution to determine the best structure would no doubt make the process of 
synthesis and scale-up very time and cost-efficient. Such a process would give us 
DCC in its simplest terms. The advantage of this being the fact that the such a 
structure would then be readily available for mass production and be applicable as a 
molecular recognition site^ (Figure 4.2). The main differences between traditional 
supramolecular chemistry and DCC have been summarised later in this chapter.
Dynamic Combinatorial Chemistry Supramolecular Chemistry
> Involves slower equilibrating Process
>  Strong bonds are being broken
> Slow kinetics,
>  Catalyst must be involved
> Covalent interactions
>  Produces robust products 
Dynamic covalent interactions are 
very stable and will not be exchanged 
in the absence of a catalyst
> Products produced may be 
manipulated therefore tailor made 
target products produced
> Non-covalent interactions
> Unstable/fragile product formation
>  Difficult to characterize and 
investigate products any further
>  Leads to a large array of 
superstructures
>  Mixtures formed includes ions, 
molecular compounds and 
thermodynamic product
> Purification/ isolation of products 
can be difficult.
Table 4.2 The main characteristics attributed to supermolecular chemistry versus DCL 
chemistry. ’
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The above table is a very good way of determining the route employed in drug 
molecular design/ The two concepts can be applied to create molecular recognition 
sites, however the main selling point for a DCL is the fact that the members of the 
library are readily manipulated by trial and error to created the ultimate receptor site 
for a given guest.
4.3 Dynamic Combinatorial Libraries
The conventional form of drug discovery involves the synthesis of a selection of 
compounds whose properties would be studied in great length. A selection of 
potential lead compounds would then be developed at each stage eliminating 
structurally unfavourable candidates; the cycle would continue until the most 
favourable compound has been made. This approach has been modified to a much 
faster route where a library of numerous potential compounds has been made, and 
these are able to self-assemble into the most structurally favourable compound. DCC 
depends on chemical evolution, where natural selection allows the best structure to 
be screened and hence can be identified for amplification purposes in scale up. This 
can be greatly enhanced by the presence of templates, which will increase the rate 
of the process. Templates can be in the form of receptor molecules or ligand 
molecules. The most important feature of DCC is the DCL.
4.4 Chemical Evolution by the Generation of a DCL
The generation of a dynamic library, originally proposed by Sanders and Lehn 
allows a pool of compounds to be collected, all of which are composed of building 
blocks governed by reversible covalent bonds, which are thermodynamically stable. 
The reaction occurs under thermodynamic control as it involves reversible covalent 
bonds. This will result in equilibrium between a range of macrocyclic products, 
which exhibit bias towards the formation of one particular macrocycle, this is known 
as molecular recognition.^
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The outlined approach depends on the extent and flexibility of the self-assembly of 
the library members. Molecular recognition caters for a specific member of the 
library, whereby the member in question is ultimately the most stable specie. 
Therefore chemical evolution allows a shift in the equilibrium towards the formation 
of the most favourable specie^ and against the unselected species as seen in Figure 
4.4.1.
Template
Dynamic Mixture
Template
Static Mixture
Figure 4.4.1 Dynamic combinatorial chemistry versus traditional combinatorial chemistry.
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Figure 4.4.1 demonstrates how the process is able to contribute to a diverse chemical 
gene pool, in which only the products worthy of further considerations would be a 
part of further analysis. This illustrates the fact that the desired compounds will 
always be amplified and desired over similar compounds with the same building 
block,which is the most important and advantageous aspect of DCL generation.'^ 
Work carried out by Kuhnert et al. proves the reversible nature of the imine bond in 
trianglimine formation. The DCL contains a wide variety of macrocycles bearing a 
diverse range of biaryl building blocks bearing a selection of functionalities. This 
will increase the probability of finding a suitable host guest complex with optimum 
binding of lower energy. The host will be represented by the current trianglimine and 
the guest is represented by the bacterial cell wall component. Figure 4.4.2 illustrates 
the process with a “shark” representing the template (guest).
Guest Building blocks
1. Mix guest and 
building blocks
2. Building blocks assemble 
around guest via 
non-covalent 
interactions
Most stable
product
3. Covalent bonds 
are formed
between 
building blocks
4. Guest is released and 
receptor isolated
Figure 4.4.2 Chemical evolution by the generation of a DCL.
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The special appeal of the technique lies in the ability to directly estimate binding 
parameters using collision induced fragmentation of the host guest complex in a 
single mass spectroscopical experiment such as HPLC and LCMS. These binding 
studies will allow determination of the best Once a specific receptor has been 
identified optimisation of the reaction conditions with respect to the stoichiometry of 
all dialdehydes building blocks will allow its preparative synthesis, isolation and full 
characterization of all binding parameters and most importantly its biological 
properties.
4.5 The Design o f Dialdehyde^s for Dynamic Combinatorial Libraries
4.5.1 The use of DCL s.
The DCC approach has been applied in order to generate a DCL from which a 
suitable library member can be identified to be used as a successful host with the 
right functionality; as the technique allows the desired library member to be selected, 
stabilised, isolated and amplified. This also means that once the receptor has been 
identified and a DCL has been set up, no further interactions require pre-planning, as 
binding will occur through the receptor finding the best ligand, through its own 
chemistry. The reversibility of the binding of the building blocks depends on the 
reaction used to bind the building blocks. Therefore the reaction of choice would 
have to be well tolerated by a wide range of functionalities, and carried out under 
mild conditions. However the chemistry behind the building block generation is host 
specific and would depend entirely on the available synthetic methodologies.
The requirements presented by the study determine the success of the DCL that has 
been generated. The isolation step is equally challenging for the synthetic chemist, as 
it would be detrimental to the study if potential receptor sites were prone to exchange 
reactions. This could be bypassed by the potential reduction capabilities of the 
imine bond whereby the equivalent “trianglimine” *'^  can be created, in order to 
hypothetically “freeze” the compound and to reduce the reversibility of the imine 
bond formation. However such transformations should not affect the chemical 
binding nature of the DCL members.
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4.5.2 Trianglimine structure and dimensions
Molecular modelling studies at the MM2 level were carried out by Kuhnert et a l 
to determine the dimensions of the trianglimine cavity, which were calculated from 
averages of the minimum conformations observed/^ The minimum energy 
experiments carried out assumed that the 1,2-diaminocyclohexane moieties formed 
the comers of the structure, where the base was formed by the aromatic groups. The 
dimensions below are the estimated heights and width of the structures that were 
determined using the through space distance between two adjacent 1,2- 
diaminocyclohexane rings. The height of the ring was estimated by the through space 
distance between the centre of the 1, 2-diaminocyclohexane ring and the centre of the 
opposite aromatic moiety or the centre of the biaryl ring. The structures below show 
that the dimensions almost double in the biaryl ring system compared with the 
monoaryl.
Bacterial dimensions have to be considered for maximising binding between the 
guest and the host. X-ray crystallography and MM2 studies have enabled one to 
calculate the dimensions of the guest (Figures 4.5.1 and 4.5.2); however one is 
relying on referenced literature for the bacterial dimensions.
14.20 Â 9.50 Â
c=N
13.60Â
■=N N=«
7.30Â
Figure 4.5.1 Comparison between biaryl and monoaryl trianglamine macrocycles.
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An Angstrom, (1 Angstrom equals to 1x10 m) named after Anders Jonas 
Angstrom. is a non SI unit which equals to 0.1 nanometre (nm) or
1/10,000,000,000 metres. 17
Figure 5.2 Dimensions o f a biaryl diamine (18).
Bacterial cell sizes vary according to the strain to which they belong. They can differ 
in shape, which will affect their dimensions. Bacteria can exist as spheres, which are 
known as cocci, rods (bacilli) or spirals (spirilla) ranging between 1 and 10 pm in 
width, this makes them 0.000001 m which is between 10000 and lOOOOOA. Figure
5.3 gives an approximate idea of the cavity that would be available for guest 
accommodation such as in 18 which is dimer composed of a para- substituted biaryl 
ring system. The cavity is the main feature of the molecule and would determine ease 
of binding and thus selectivity as seen in MM2 minimised studies in Figure 4.5.4 and 
4.5.5. Compound 17 provides a hetero-aromatic sulphur group, which provides 
further diversity if chosen as a ligand by the DCL. VDW calculations and 
interactions between the atoms and R groups for M41 were also analysed.
Figure 4.5.3 Stereo Pairs of 18
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Figure 4.5.4 MM2 Energy Minimised structure of 18.
Figure 4.5.5 MM2 Energy minimised structure of 17.
4.5.3 Dialdehyde design
As the success of a DCL depends on ligand selection is imperative for the library to 
be composed of trianglamine macrocycles from building blocks with a varied 
number of functional groups. Therefore a DCL with building blocks with a variety of 
valencies would provide a certain level of direction as to the end product that is
selected. 18
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For this project it was chosen to incorporate building blocks that have multiple 
functionalities and the presence of at least two diamincyclohexane groups. These 
would provide a minimum of four binding sites and should in theory produce dimers. 
A dimer is a macrocycle which contains two sets of building blocks which have been 
dimerised, as opposed to a trianglamine which contains three sets of biaryl building 
blocks connected via imine bonds.
< X >
‘trimer’ ‘trimer ‘dimer’
Aryl-Dialdehye Biaryl-Dialdehyde
Figure 4.5.6 Potential trianglimine structures.
Therefore having DCL libraries with varying ring sizes would give the opportunity 
for the generation of macroeycles in which a three diamnocyelohexane groups would 
be incorporated into the ring system, thus increasing the cavity quite dramatically.
The aim is to increase the chances of binding and to achieve dimers and macrocyclic 
trianglimine generation from the DCL. Thereby highlighting the fact that this would 
rely solely on the building blocks of which the original members are composed. 
Therefore the design of the building blocks in question is integral in the success of 
the creation of the host guest complex, and is as the most challenging area of this 
study.
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The above objectives were considered when designing the synthetic strategy for each 
step of the project. Several possible synthetic routes were considered, in order to 
increase the size of the macrocyclic cavity, and to maximise the number of potential 
receptor b i nd i ngs , a  larger number of binding moieties must be available for host 
guest binding, as displayed in Figure 4.5.6. This will lead to an increase in the scope 
of binding.
The most efficient way of increasing the cavity size has been through the biaryl ring 
system of the dialdehyde.Therefore an increase in the number of ring systems 
ought to meet with the synthetic objective. A facile way of increasing cavity size 
would be to add the organic skeleton of the biaryl ring system. Work carried out by 
Kuhnert et al. suggested that a 4,4-diformyl-biphenyl backbone would be the best 
way of creating building blocks. To expand this further, other precursors were 
considered where the biaryl ring system would be increased in size leading to larger 
cavities; also this would theoretically introduce more chemical variety into the gene 
pool of the DCL. By applying retrosynthesis,^^ it was decided to use salicyaldehyde 
as a starting material to generate new functionalised DCL members.
® ii.Functionalisation  ^
HO^  ^  ^  ^  OH
i.Schiff Base Synthesis
HO OH
iii. Cydocondensation  ►
,N =- OHHO
Scheme 4.5.7 Synthetic scheme for increasing the macrocyclic cavity.
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To accommodate dialdehydes the synthetic strategies shown in Scheme 5.7 was 
considered for further amplification. A successful strategy of yielding functionalised 
dialdehydes can also be achieved via the synthesis of 5,5’-methylene-6w- 
salicyaldehyde. This can be synthesised using referenced literature^^ as a guideline. 
This class of compound is stable at room temperature. The methylene bridge 
available in the biaryl building block provides further sites for the placement of 
functional moieties and thus will be useful in DCL generation. The starting material 
is also synthetieally available in high yield and can be functionalised further with the 
same synthetic methodologies used in the biaryl ring systems formed via the Suzuki 
Miyaura cross coupling reactions in Chapter 6. The building blocks generated from 
this strategy are also stable and do not have solubility issues whieh makes them good 
candidates for further consideration. The synthetic route taken for this reaction will 
be discussed in greater detail in Chapter 6.
4.5.4 Conclusions
The distinctive advantages of the approach involving reported dynamic library 
systems^^ are that they present a radical new approach in drug discovery. Dynamic 
libraries promise to be more efficient and versatile in drug diseovery than 
conventional approaches. Most importantly the dynamic library proposed ean be 
generated in the absence of external reagents, and this will lead to a wide variety of 
materials with known binding motifs.
The Dynamic Combinatorial Library approach has been deemed most suitable for 
receptor selection as it allows selection where more complex topologies exist in the 
DCL.^^ The application of DCC in this study would be of great use as the DCL will 
be governed by thermodynamic control, thus when it increases in functional 
complexity, the DCL will generate closed structures'^ as opposed to large polymerie 
linear structures, which would be produced if under kinetic c o n t r o l . U n d e r  
dynamic control the end product would be selected by the receptor, through ligand 
selection.
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This would therefore allow a mechanism of “self-isolation”, however under static 
control the product would be selected by the named guest and an array of other 
polymeric and cyclic products depending on the valencies available in the library 
illustrated in Figure 4.1. The locking mechanism can also be applied to these 
products without disrupting its chemistry as previous work.^^ The resulting imines 
can be easily transformed into amines, which show a rich supramolecular chemistry 
in aqueous solution.^^,^^
4.6. Experimental methods used to Analyse Dynamic Combinatorial 
Libraries.
The most efficient method of analysing DCL’s would be by mass spectrometry. This 
is mainly due to the fact that one is able to monitor the mass of the macrocylces in 
solution and identify the structural breakdown against time. The masses of the 
fragmentation pattern can be used to elucidate the structure of the compound. In the 
host guest studies the structures of the compounds being analysed consist mainly of 
cyclohexamine rings (2 in a diamine and 3 in a trianglimine) and dialdehyde building 
blocks. It is therefore quite easy to illustrate the thermodynamically stable product 
when in solution during a specific time frame (24 hours in this instance). The 
comprehensive study of MS and its hyphenated techniques illustrates its potential 
utility in the analysis of large compounds.
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4.6.1 Principles of Liquid Chromatography-Mass Spectroscopy (LCMS)
The mass spectrometer is composed of three vital components; the ionisation source, 
analyser and detector .Hyphenated techniques are coupled to the MS for more 
information, such as high performance liquid chromatography (HPLC), gas 
chromatography (GC) and capillary electrophoresis (CE) which means the compound 
is separated and analysed in the mass spectrometer sequentially (Figure 4.6.1).
Sample
Vapor r Solid
1
Liquid
r
lonisatio 
n Source
e.g. MALDl 
ESI
Mass Analyser
/
\ Data ^ Detector
} ^
/ \
Filtering ions by mass to charge ratio {m/z)
; a :  I  : {
«
r ' / T T T , , I  , - J , . j *
1 S & n  ^  j  ! 1
I %  1 
i ^  §  ;
i V.* *: Î — 1
Mass Spectrum from DCL studies (see Chapter Seven)
Figure 4.6.1 The process of obtaining a mass spectrum.
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Liquid Chromatography-Mass Spectrometry is a sophisticated and reliable technique. 
The MS analyses ions in the gas phase, therefore for LC-MS detection to occur the 
mobile liquid phase needs to be removed.^^ The LC-MS interface is the most 
important factor in the system as it via the interface that the ions enter the mass 
analyser, where they are separated according to their mass (jn) to charge (z) ratios 
{m/z). Once separated the ions are detected and the signal sent to the data system, 
which then generates a m/z spectrum. The origin of the ions is not a determining 
factor for the analysis as the LC and MS can be treated independently.
4.6.2 Ionisation Methods
The Ionisation method depends on the ehemistry of the sample being investigated. 
Therefore each method has advantages and disadvantages. Sample ionisation can be 
carried out by one of the following techniques; atmospherie pressure chemical 
ionisation (APCI), chemical ionisation (Cl), electron impact (El), electrospray 
ionisation (ESI), fast atomic bombardment (FAB), field desorption/field ionisation 
(FD/FI), matrix assisted laser desorption ionisation (MALDI), thermospray 
ionisation (TSP). With all the ionisation techniques listed one is able to choose the 
charge of the ions.^^
4.6.3 Ionisation Principles
Ionisation can be carried out by ionizing a neutral molecule by electron ejection, 
electron capture, protonation, cationisation, deprotonation, or by the transfer of a 
charged molecule from a condensed phase to a gas phase. The methods of choiee 
employed in a majority of biochemical analyses are ESI and MALDL
1. Protonation
M+H^ ^ MH^ (positive ion mode)
By using this method of ionisation a proton is added to the molecule being 
investigated in order to give a single net molecular charge of +1. A positive charge 
will reside on the basic terminal of the compound; this will form a stable cation. 
Protonated molecular ions are hence formed in positive ionisation mode. This occurs
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in amino acids whereby protonation will be feasible through MALDI, APCI and ESI. 
Conversely, deprotonated moleeular ions are produced as a result of a negative 
ionisation mode.
2. Deprotonation
M-IT^ ^ [M-H] (negative ion mode)
Deprotonation involves ionisation via removal of a proton. To obtain a net -1 charge. 
This can also be achieved by MALDI, APCI and ESI. This is partieularly useful with 
acidic species such as phenols carboxylic acids and sulphonic acids.
3. Cationisation
M+ Cation^  ^ MCation^
Cationisation ionises by producing a complex that has an overall net positive charge. 
The positive charge is added non-covalently to the neutral species
4. Charged molecule to gas phase
M Solution ^  M Gas
5. Electron ejection
M e' M^
6. Electron capture
M +e" M'  ►
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6.4 Electro Spray Ionisation
ESI is an example of an atmospheric pressure ionisation technique. It is a very 
sensitive method of analysis of lO'^^moles, and is able to analyse polar molecules 
with a molecular masses ranging between 100 Da to 1,000,000 Da. The 
sensitivity^^’^  ^of this method is reduced by the presence of non volatile solvents and 
buffers. ESI is very useful method for analysing large molecules, such as the 
trianglamines. This is due to the fact that multiply charged species can also be 
produced. Standard ESI is consists of a sample dissolved in a solvent, whieh is 
pumped through a stainless steel capillary, with an internal diameter of 75-150 pm 
and a flow rate between 1 pL/min and ImL/min. The potential applied to the 
capillary ranges between 700 to
5000 V. This leads to the dispersion of charged particles as a fine spray. The solvent 
will then evaporate as a result of dry nebulising gas or heat being applied. These 
particles are exposed to mutual Coulombie repulsion, which is caused by surface 
charge repulsion between like charges. This causes “Taylor cone”^^  dispersion into a 
mass analyser through a vacuum. At this stage one is able to couple the instrument 
with any other interface e.g. HPLC in order to achieve a hyphenated technique.
4.6.5 Compatible Solvent Systems
The solvent chosen to dissolve the samples depends mainly on the chemistry of the 
compound of interest, the volatility of the solvent (as it will have to go into gas phase 
in order for the sample to fly) and also the proton donating ability of the solvent. 
General protic solvents include methanol, water and acetonitrile. These can also be 
used as solvent mixtures. Aprotic solvents are used to resolve sensitivity issues. The 
solvents which are generally used are 10 % DMSO in water and isopropyl alcohol or 
1 0 0 % water.
Chloroform ean also be used with 1% formic acid to aid solubility through 
ionisation. This is usually the case with insoluble compounds where one has to lose 
sensitivity in order to dissolve the compound in question. To aid solubility Na"^  and 
buffers can also be used.^^ However salts and buffers affect the spray ionisation 
ability by lowering its vapour pressure and thus reducing volatility as a result of an
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increase in the droplet surface tension.Therefore, the choice of a volatile buffer is 
crucial in optimising sensitivity.
4.6.6 Matrix Assisted Laser Desorption Ionisation (MALDI)
MALDI was first introduced in 1988 by Tanaka^, Karas and Hillenkamp.^^’^  ^This is 
mostly used in the analysis of oligopeptides, carbohydrates, proteins and natural 
products, allowing high sensitivity for picomole concentrations. MALDI has the 
advantage of working well with high molecular non-volatile organic compounds^^ 
and not being affected by buffers and additives. The mass spectrometer analyser 
determines the sensitivity and accuracy of the procedure which is usually 0 .0 1 % of 
the molecular mass of the sample from 700 Da and up to 300,000 Da.
MALDI operates by the fast atomic bombardment (FAB) of the sample with a laser 
light in order for ionisation to occur. This then transforms the laser energy into 
excitation energy. Recent MALDIs are equipped with nitrogen laser with a 
wavelength of 337 nm.^ "^  The method depends on a good absorbing matrix 
compound which can work with low sample concentrations. A list of possible choice 
of matrices'^ can be found in Figure 4.6.6.
The matrix prevents decomposition of the sample from over exposure to direct 
excessive UV laser excitation energy. This is also prevented by the matrix absorbing 
the incident radiation. Once ionised the sample can be analysed by a mass analyser. 
MALDIs are usually coupled with a time-of-flight (TOF) mass analyser as this 
separates the compounds according to their mass-to-charge ratio {m/z).
a-cyano Sinapinic acid DHB
HO -COOH
CN
HXO
H^ CO
COOH COOH
a-cyano-4-hydroxycmnamic acid 3,5-dimethoxy-4-hydroxycinnamic acid 
2,5-dihydroxy 
benzoic acid
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Figure 4.6.6 Matrices which are commonly used.
4.6.7 Analysers
Mass analysers are used in each experiment according to the purpose of use, the main 
objective of the analyser is to detect and measure the gas phase ions. This follows the 
ionisation process. Analysis separates the ions according to their mass to charge ratio 
this takes place under high vacuum to ensure that ions do not bump into gas 
molecules. The performance of the analyser reflects its speed, sensitivity, accuracy 
and resolution. The main analysers of choice for use with the ESI are quadrupoles, 
quadrupole ion traps and time-of-flight. These have been modified extensively to
accommodate MALDI and ESI analysis.34
4.6.7.1 Quadrupole Mass Analysers
Quadrupole mass analysers are compatible with ESI and MALDI as they can 
withstand pressures of up to 10 torr and analyse samples up to 4000 m/z?^ They have 
variable transmission modes and are able to let a mass pass through at particular 
intervals in accordance the polarity of the ion. Quadrupole mass analysers as seen in 
Figure 4.6.7 are also well suited to ESI, as they ean detect ions in a continuous 
stream, whereas the MALDI generates ions in nanosecond laser pulses which would 
be more suited to a time-of-flight analyser hence the phenomenon of the MALDI- 
TOF.
RF Oscillator
Data
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Figure 4.6.7 Quadrupole mass analyser.
The quadrupole mass analyser is connected in parallel to the DC potential and radio 
frequency generator (RF) fields. A specific RF field is required to select ions of a 
particular mass to filter through.
4.6.7.2 Quadrupole Ion Trap Mass Analysers
Paul et were able to achieve their objective of obtaining an analyser that could 
work by separating according to mass to charge ratio {m/z)P  This has proved great 
success since and allowed the ion trap to be used for masses from up to 70000 m/z 
achieving a resolution of 1 x 1 0 .^
Ion trap mass spectrometry has become a very important tool of detection by being 
able to identify and quantify a range of molecular masses hence allowing for 
complex mixtures of different purities to be analysed. This has been favoured over 
other techniques, due to its simplicity and cost effectiveness.^^
Upon ionization, an electrostatic lensing mechanism is used to focus the ions on to 
the ion trap. The ions are allowed into the trap by the presence of an electrostatic ion 
gate which opens and closes. This allows ions to be trapped or ejected, hence 
allowing for it to select species, by ejecting the rest. The time taken for these ions to 
be trapped is known as the “ionisation period” this allows signal maximisation by the 
minimisation of the space to charge ratio.^^
The main operating parameter for this is the magnitude of the RF,^  ^where at higher 
frequencies higher mass ions are ejected and thus detected and analysed. The space 
to charge ratio is kept to a minimum by the “dampening” effect caused by passing 
helium gas into the trap at a pressure of 1 mtorr. This increases the performance of 
the ion trap by allowing the ions to collide with the helium ions to reduce their 
kinetic energy and allow the trapping of the injected ions by concentrating them in a 
packet in the centre of the trap. This is further enhanced by the oscillating potential, 
which is applied to the ring electrodes which is expressed as the fundamental RF.^^
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Therefore as illustrated by equation 1 below;
Equation 1. qz = 4eV
/mr w
Where the stability of the ion and the ion motion (qz) is dependent on the mass to 
charge ratio (m/z) the size of the trap and the oscillating frequency and the rf (w) and 
the voltage applied to the electrode (V).
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Part II: Results and Discussion
Chapter Five 
Preparation of Biaryl Dialdehydes.
5. Formylation Reactions
Previous formylations carried out in this field of work utilised double bromide 
exchange. This has proved to be a very efficient method; however the procedure 
consists of seven steps. Therefore it was advantageous to reduce the number of steps 
for this reaction.
5.1 The Vilsmeier-Haack Reaction.^
In order to obtain dicarboxaldehydes the Vilsmeier-Haack reaction was attempted. 
The Vilsmeier-Haack reaction is an effective method of formylating electron rich 
arenes. The formylating agent is formed by DMF and phosphorous oxychloride 
(Scheme 5.1.1). The reaction between the arene and the formylating agent follows an 
electrophilic aromatic substitution which produces a-chloro amines, which are 
hydrolyzed during work up to yield an aldehyde.^
O
POCL -OPOCl^ Me^ Cl Me. Cl
/ N : - ^  --------- ^  N ^ ^ C l  j     + N = <  < -----------
Me H Me Me H
Cl
Vilsmeir-Haack Reagent
Scheme 5.1.1 The generation of the Vilsmeir-Haack reagent.
In the project, the formylation reaction using Vilsmeier-Haack methodology was 
originally considered as the method of choice for attaching the carbonyl group to 
aromatic and heteroaromatic ring systems. However, as the desired yields proved to
73
Chapter Five- Preparation o f  Biaryl Dialdehydes
be low, a better synthetic strategy was later used. Upon reconsidering other options. 
It proved possible to utilise a more synthetically feasible method, by another well 
established methodology namely as the Reimer-Tiemann Reaction.^ To begin with 
the Vilsmeier-Haack reaction was used in attempting to formylate 4-allyloxy-l- 
methoxybenzene (Scheme 5.1.2). Proton NMR identified the presence of four formyl 
groups in the region of 9.5 ppm to 10.5 ppm. Suggesting several isomers, and the 
reaction did not produce yields which were worthy of scale up reactions.
(i) CHO
one
OMe
OMe
Scheme 5.1.2 Reagents and conditions: (i) POCI3, DMF (0°C) (2hours).
The reaction procedure was amended to promote the active reagent being formed in 
excess, but still the product contained a significant amount of starting material. It was 
thought that the Vilsmeier-Haack complex may have been reacting with DMF as 
seen in Scheme 5.1.3, meaning that the reaction site was not available for attack by 
POCI3. DCM and methylformaldehyde were also used as a replacement for DMF, 
but satisfactory yields were not obtained to pursue further optimisation of this 
reaction.
N N
Scheme 5.1.3 Coupling between the formylating agent and DMF.
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5.2 The Reimer-Tiemann Reaction
To formylate at the ortho position the Reimer Tiemann^ reaction was tried, in which 
the substituted phenol is treated with sodium hydroxide and CHCI3 to yield ortho- 
and para-hydroxybenzaldehydes. The reaction occurs by the formation of the 
electron deficient dichlorocarbene via the dehydrochlorination of chloroform, which 
is promoted by the base. When applied to 3-bromo-phenol the reaction yielded a 1:1 
ratio of both the ortho- or para- isomers (Scheme 5.2.1) which were separated 
successfully by flash chromatography (10:1, petroleum ether: ethyl acetate). Another 
distinct feature which distinguishes the two isomers is the fact that the p-isomer has a 
much lower melting point. The products were analyzed using Heteronuclear Multiple 
Bond Correlation (HMBC) experiments, which identify the proton and carbon nuclei 
separated by more than one bond.
The intensity of the cross peaks generated by this experiment is related to the size of 
the multiple bond J coupling constant, "Jen, and the choice of the delay. This is an 
efficient method of distinguishing between the two isomers as the number of bonds 
between the carbonyl group H and the bromide C differ. The coupling patterns in 
NMR can therefore decide whether the OH, CHO and Br are ortho and the ^Jch 
coupling can therefore distinguish the ortho from the para.
OH
CHCL
NaOH
Br O
22a 22b 33
Scheme 5.2.1 Possible products in the formylation of m-bromo phenol via the Reimer-Tiemann 
reaction.
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hmbc i n  c d c l 3  f j  8 6 -1
i k
20
80
- 1 0 0
- 1 2 0
- 1 4 0
- 1 6 0
- 1 8 0
1 - 2 0 0
1 1 . 0 1 0 . 5 ppm
Figure 5.2.2 HMBC of 4-bromo-2-hydroxybenzaldehyde (aldehyde 22 (a).
The main assignment, which allows the target isomer to be distinguished, is that of 
the cross peak between the proton of the carbonyl group at 10 ppm and the ’^ C NMR 
peak at 200ppm assigned to C-CHO (ringed). We are able to assign the peaks by 
the use of a NMR spectroscopic table.^ The sum of all the values gives the value 
of 5c for each carbon present.
Table 5.2.1 NMR increments taken from H.O. Kalinski, S. Bevger, S. Brown. 
'^C NMR Spektroskopie. Stuttgart, Thieme, 1984.
Substituent ipso ortho meta para
Br 5.8 3.2 1.6 - 1.6
OH 26.4 - 1 2 .8 1.4 -7.6
CHO 8.4 1.2 0.5 5.7
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OH
6
Br
OH
Br O
para ortho
22 (a) 33
Figure 5.2.3 the structures of the two isomers which were obtained.
Table 5.2.2
Carbon Peak Calculated (ppm) Peak Obtained (ppm)
Cl 128 5.8 1.4 5.7 140 137
C2 128 3.2 5.8 0.4 137 123
C3 128 26.4 1.2 1 .6 157 160
C4 128 8.4 -1 2 .8 -1 .6 1 2 2 121
C5 128 1 .2 1 .6 1.4 132 133
C6  126 3.2 -7.6 0.5 1 2 2 1 2 2
The calculated values generally correlate very closely to the NMR peaks 
obtained from the HMBC in Figure 5.2.2 which identified the isomer to be the para- 
substituted. Similarly, Figure 5.2.4 assigns the ortho- isomer peaks.
Table 5.2.3
Carbon Peak Calculated (ppm) Peak Obtained (ppm)
Cl 128 5.8 1 .2 1.4 136 137
C2 128 8.4 3.2 -1 2 .8 127 127
C3 128 26.9 1 .2 1 .6 157 165
C4 128 -1 2 .8 0.5 -1.6 114 118
C5 128 1.4 5.7 1 .6 136 137
C6  126 3.2 0.5 -7.6 124 127
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hmbc in cdcl3 fj 86-2
20
80
- 1 0 0
- 1 2 0
- 1 4 0
- 1 6 0
- 1 8 0
010 9 8 7 6 5 4 3 2 113 12 11
Figure 5.2.4 HMBC of 2-Bromo, 4-hydroxybenzaldehyde (22b).
The mechanism is shown in Scheme 5.2.5
CHO
CCL
NaOH
:C-CI
BrBr
CHO
OH
Br
CHCL
6-bromo-2-hydroxybenzaldehyde 4-bromo-2-hydroxybenzaldehyde 
33 22 (a)
Scheme 5.2.5 Mechanism of the Reimer-Tiemann reaction.
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To optimize the conditions of the reaction a variety of different bases and salts was 
used (Table 5.2.4). The aim was to increase regio-selectivity and reduce reaction 
time, but in the reactions carried out the results did not show any improvements to 
the original conditions.
Table 5.2.4. The reaction optimisation experiments ( 3-BP is 3-bromophenol).
Entry* SM Base Salt Product**
(%)
1 3-BP CaOH NaCOs 83
2 3-BP NaOH NaCOs -
3 3-BP KOH NaCOs -
4 3-BP LiOH NaCOs -
5 3-BP CaOH K2CO3 -
6 3-BP NaOH K2CO3 -
7 3-BP KOH K2CO3 -
8 3-BP LiOH K2COS -
9 3-BP CaOH NaCOs -
1 0 3-BP NaOH NaCOs -
11 3-BP KOH NaCOs -
1 2 3-BP LiOH NaCOs -
*Reactions were carried out at 70°C for 24 hours in H2O.
** (-) Denotes no product was formed.
5.3 Biaryl Cross Coupling
The target trianglimines all contain a biaryl ring system. There have been many 
procedures for the coupling of aromatic rings and the synthetic method of choice for 
this research was the ‘Suzuki-Miyaura cross coupling’ reaction.
In order to exploit this route of biaryl synthesis, it was necessary to develop and 
expand on all the parameters required for successful coupling.
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This included using an extensive number of ligands, bases and palladium catalysts, 
thereby ensuring that the right conditions to achieve optimum yields. The aim was to 
create a ‘universal’ synthetic methodology, which could be applied to any of the 
chosen aromatic starting materials, which in return would produce functionalised 
biaryl ring in high yield.
From the reactions carried out it was evident that the Suzuki coupling reaction 
favoured specific reaction conditions depending on the boronic acid and the 
organohalide being used. The five main features of the reaction that required 
optimization were i) base effects, ii) ligand effects, iii) phosphine free ligands, iv) O2 
gas, v) solvent polarity. Many possible combinations of reactions conditions were 
considered using the most commonly used catalyst /ligand partners with the addition 
of the most suitable base. The most commonly used system is Pd(PPhs)4/  and a 
ligand free one chosen is Pd (0 AC)2 .^  This was approached by the use of small scale 
reactions being carried out simultaneously in a carousel, where 15 vials containing 
specific reaction mixtures and starting materials were all run in parallel. This was 
used as a starting point in order to determine specialised optimum conditions for 
aromatic boronic acids, as reported by Kuhnert et ah ^
R. R.
R ------------- ^  O—B ------------- ^  O— B
0  ® R  ^PdLjR'  ^ ^ R
Borate-complex 
Scheme 5.3.1 Borate - complex generation.
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The boron-carbon bond is highly covalent or non-ionic and does not participate in the 
transmétalation reaction, and for this reason the bond needs to be activated by a 
nucleophile/ The resulting borate compound readily coordinates with the Pd 
catalyst; the base is also thought to displace the Pd-bound halide formed from the 
oxidative addition, which liberates the Pd metal and thus makes it available for 
coordination with the nucleophillic organoboranes (Scheme 5.3.2)/
The borate complex (Figure 5.3.1) formation is the most important feature of the 
reaction mechanism as this is what pushes the reaction towards completion through 
the replacement of the Pd metal. ^
RO \ Q------
R’L,Pd-X R'LjPd-O-R ► /  |
2 ^  R
PdLjR'
Scheme 5.3.2 Organoborane generation.
The reactions carried out (listed in Table 7.4) involved sterically unhindered boronic 
acids. However, they were not all symmetrical, which may have also affected the 
base which was involved. Reactions were carried out with both NaiCOg, and 
NaHCOs the latter giving a higher yield of product, only in the case of para- 
substituted aryl halides. In all the coupling reactions carried out, in the crude 
reaction mixtures, a signal at 19.5-20 minutes was observed by using GC-MS 
analysis. This corresponded to a fragmentation pattern typical of 4,4- 
diformylbiphenyl (Figure 5.3.3), which was present in all cases as the major 
compound.
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HO
Homo coupling
(0
Boronic Acid Product from Homocoupling Target compound
m/zllti /n/z216
4,4-diformylbiphenyl 5-formyl-2-thiophene-3-
benzaldehyde
Scheme 5.3.3 Coupling Products Reagents and conditions (!) Pd(C) leq, NajCOa 1 eq, ethanol,
O 80°C Bookmark not defined.
5.4. Homo-coupling of the Biaryl Ring System.
Suzuki et a l reported the occurrence of homo-coupling of boronic acid,"^  this would 
have evolved from self coupling of the boronic acid in which the aryl halide 
regenerates the Pd catalyst, which would then produe a biphenyl entity as one of the 
possible side products.
Pd(II) complex is thought to be stabilized by the presence of a para- substituted aryl 
ring system and so favours its binding as opposed to the meta- substituted equivalent. 
If this is correct then the reaction would inevitably give rise to the coupling of two 
para- substituted aromatic rings. A speculative mechanism rationalising the 
formation of the homo-coupling product is presented in Scheme 5.4.1.a.
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o
Br— Pdril
Bi—P d
Scheme 5.4.1.a Homo-coupling of the blaryl ring system
The below starting materials were also attempted in the reaetion, however the 
reactions did not provide the desired products and, therefore the rections were not 
pursued any further.
HO. .OH 
B :0
Bi Pd(nj /  \
Scheme 5.4.1.b Homo-coupling of the biaryl ring system.
Br
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Transmetallation was induced smoothly in the presence of an electron rich 
unhindered organoboranes. This process is greatly enhanced by the presence of a 
nucleophillic base, thus increasing the rate of transmetallation. This is seen as a very 
important step as the transfer of the aryl ring also occurs in this step. In all the 
reactions carried out GC-MS studies showed the presence of a compound that eluted 
between 19.54-19.95 minutes, this corresponded to a molecular ion with a mass of 
210 (M^); the fragmentation pattern of this compound was identified as 4,4- 
diformylbiphenyl. This was observed in every reaction even when m^to-substituted 
aryl halides were involved, which suggested the involvement of the />nfra-substituted 
boronic acid.
This finding was first reported by Song and Wong'° in 1994 and has been reported as 
a common product occurrence in the Suzuki Miyaura reaction."  ^ The homo-coupling 
product was also observed and recorded in the 5-thiopheneboronic acid reactions, 
where a peak at 25.086 minutes was observed. This can be for the reaction between 
we^a-bromobenzaldehyde andpara-boronic acid. A peak at 25.09 (Figure 5.4.2 a and 
b) minutes corresponded to biphenyl-3,4’dicarbaldehyde 11.
(a)
TIC! 4dFJ,D
2SJ09
5500ÛÛO
3000000
1000ÛOÛ I .  60
1 5 . CO10.00 3 0 . 0 0 3 5 .0 0 4 5 . 0 0
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(b)
Peak 2 at Retention Time 25.09 
Abundance
1000000
500000
Scan 3519 (25.086 min)
1 52
4 0 F J . D (
23
76
51 63
- I--
90
. .  r —r-m- ‘-■■■I—1- T I - --------r - r - 1,163 ^ ® \ 9 2— * *r* 1 1 1 f'S - ■ - • r 1— 4-
0
T l /  Z  > 40 60
1— r— —^ I • I
0 100 120 140 160 180 200 220 2
Figure 5.4.2 (a) GC and (b) MS of biphenyl-3,4’dicarbaldehyde.
The concentration of the homo-coupling product was reduced by the exclusion of air 
during the reaction, a comparison of GC-MS spectra showed that this had impacted 
on the principal product which was being synthesised and allowed for it to be 
separated in high yields. The presence of oxygen has been found to greatly enhance 
homo-coupling. The success of the cross coupling reactions was dependent on the 
base used, catalyst and ligand partners,so lvent polarity, presence of atmospheric 
oxygen and the position of the formyl group in the starting material (Figure 5.4.3).
ipso
X
ortho ortho
meta 
para
Figure 5.4.3 Positions which were available on the aromatic ring.
A series of experiments allowed determination of the most productive conditions in 
the cross coupling reactions. The starting materials consisted of both meta- and 
para- positions (4-formylbenzene boronic acid, 4-bromobenzaldehyde, 5-formyl-2- 
thiopheneboronic acid, 3-bromobenzaldehyde, 3-formylbenzene boronic acid).
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As explained earlier the substitution pattern of the boronie acid and the 
bromobenzaldehyde influenced the yield of product, however by using the correct 
base and catalyst it was possible to increase the nucleophilicity of the acid in order to 
improve transmetallation.
The reaction was initially carried out by following the literature recommendations by 
Suzuki et alf" using meta- substituted boronic acid precursors; in this case p- 
bromobenzaldehyde with Pd (C), NaiCOg in ethanol (stirring for 48 hours at 80°). 
This proved quite successful giving a yield of 72 %, the results were not reproducible 
using Pd (PPh])4 using similar conditions where the yield was almost halved.
The reaction was repeated using toluene and DMF instead of ethanol, which reduced 
the polarity of the solvent and increased the yield of the products; this reduced the 
yield of the side product being used. The conditions outlined above could not be 
applied to the heterocyclic rings as yields dropped quite significantly. Therefore, a 
change in the catalyst ligand was employed, the best system was PdCli (dppf) plus 
NaiCO] giving a yield of over 80%; as this catalyst and ligand system has been 
shown to enhance reductive elimination within the catalyst cycle (seen in Chapter 
One), this was identified as the rate determining step by Suzuki^ and Miyaura.
The reaction carried out by Suzuki"  ^ was repeated with the inclusion of atmospheric 
oxygen, this caused a notable reduction in yield (59%). It was evident that using the 
PdCf (dppf) eatalyst-ligand system (Figure 5.4.4) would be most favourable as it 
worked best in every reaction in comparison to all other systems.
Fe
-PPh2
P
Ph2
'Cl
Figure 5.4.4 The structure of the preferred catalyst and ligand system (FdCh (dppf)).
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Table 5.4 A list of all reagents and starting materials used in reaction optimisation.
x r ' m r ^ Catalyst Base Solvent Yield* *('%')
Pd(PPh3)4 Na2C03 Ethanol 31
Pd(PPh3)4 Na2C03 DMF 40
Pd(C) Na2C03 Ethanol 72
0
Pd(C) Na2 C0 3 DMF 43
(H 0)2B —
\ = o  \= y Pd(C) Na2C03 Ethanol 13
Pd(C) K2CO3 Toluene 32
Pd(C) Na2 C0 3 DMF 63
“^ 0 ^ 0 Pd(PPh3)4 Na2 C0 3 DMF 71
Pd(PPh3)4 NaHC03 DMF 84
PdCl2 (dppf) Na2 C0 3 DMF 71
PdCl] (dppf) Na2 C 0 3 DMF 95
PdCl] (dppf) Na2C03 DMF 98
PdCl2 (dppf) Na2C03 DMF* 60
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— o
(H 0)2B -
Pd (OAc)2 (dppp) NaiCOs DMF
•B (0H )2
Pd(C) Ethanol 45
DMF>=0
■B(0H)2
PdCl] (dppf) NaiCOs DMF>=0
■B(0H)2
Pd(C) Ethanol 47
■B(0H)2
PdCl] (dppf) NazCO: DMF
*DMF was not anhydrous
**Crude yields were calculated in all small scale reactions prior to scale up reactions 
detailed in the experimental section.
N.B X= Br in all reactions carried out.
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5.5 Suzuki Miyaura cross coupling reactions of triflates.
CHO
.OH
i.Triflation
CHO CHO
OTf
OH
iii.Suzuki Coupling
V . Cyclocondensation
ii.Functionalisation
OTf
OHC CHO
RQ OR
■ O
iiiiiN
OR
Scheme 5.5.1 Synthetic Scheme involving triflates.
The second synthetic strategy involved the formation of triflated derivatives of 2,4- 
hydroxybenzaldehyde. This provided mono- and di-triflated products, which could 
be used in the Suzuki reaction, (as explained in Chapter Two) where the triflate acts 
as a pseudo halogen (Scheme 5.5.1).Error! Bookmark not defined.
The synthesis of the triflates was used to expand the possible options for the 
application of cross coupling to produce biaryls. In all cases a mixture of mono- and 
disubstituted triflates was produced in good yield, these were separated by column 
chromatography, using 3:1 petroleum ether-ethyl acetate.
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X CF,
OH Ü
+ [Base-H][X]
Base ^
R R
Phenol Phenyl triflate
Scheme 5.5.2 Conventional conditions for the preparation of aryl triflates, where X is a halide 
and R is an organic group.
In investigations towards triflation of phenols, initially attempted were the triflations 
of 2,4-dihydroxybenzaldehyde, and 3,4-dihydroxybenzaldehyde. These two 
precursors were chosen as they met the criteria for the biaryl building blocks as they 
contained a disubstituted aromatic ring as well as a formyl group.
(TF02)20
NEtg
D C M
C H O
N 2 / I 2  hrs
O H
O H
O  C F 3
2-4, dihydroxybenzaldehyde 4-formyI-l,3-phenyIene bis
(hydrogen trifliuoromethanesulphite).
Target product (31.c)
Scheme 5.5.3 Conditions for the triflation of 2,4-dihydroxybenzaldehyde.
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CHO
OH
OH
(TF02)20
NEt3
DCM
N2/ I 2  hrs
2-4, dihydroxybenzaldehyde
CHO
OH
O
3-hydroxy-4-(hydroxyItrifluoromethoxy
-hydrosulphonyloxy)benzaldehyde
Target product 32.c
Scheme 5.5.4 Conditions for the triflation of 3,4-dihydroxybenzaIdehyde.
The reaction conditions (Scheme 5.5.4) and yields of the triflated products used to 
consider whether or not to proceed with this route. It was found that 2,4- 
dihydroxybenzaldehyde gave the best result. The reaction was monitored by ^H 
NMR and TLC. In each case the reaction went to completion in less time than the 3,4 
substituted isomer, and gave three main formyl product peaks in the NMR spectrum 
(Figure 5.5.5). The reaction stopped upon the disappearance of the starting material 
from the reaction mixture. The resulting purple product was separated by column 
chromatography.
- o
■€>
■O
-€>
O
8 — '— >— r -  . T f , r - i — ,  ^ - r  ,  r  T L C p l a t C
10.5 10 9.5
1 (SM) 2 3
Figure 5.5.5 Three main products obtained from triflation of 2,4-hydroxybenzaldehyde by 
NMR and TLC plates.
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Additional FAB mass spectroscopy (Figure 5.5.6) identified the 3 individuals masses 
assigned to each component being separated. These products were identified and 
isolated from the first six extractions, which were eluted following column 
chromatography. The reaction of 3,4-dihydroxybenzaldehyde gave similar results but 
with a lower overall yield. Column chromatography showed a higher percentage of 
starting material present in the product mixture, which could imply that a longer 
reaction time might be required or a higher concentration of triflic anhydride.
In order to identify the exact location of the two possible monotriflates being formed 
they would have to be separated and isolated. The two regio-isomers were eluted at 
different times and therefore polarity differences were a source of identification 
between them; it was also notable that both isomers gave OH peaks around 11.00 
ppm. However, it would also be possible to acylate both isomers and to then observe 
the peaks on ^HNMR. The HMBC and HMQC studies would also allow 
identification of the isomers, thus identifying the exact position of the triflate group.
iTOl$1i646l9-11 RT 0 66.0 68 AV: 3 NL: 6.71E7 
T; ♦ c  El Full ms | 89 50.600.501
lOOg
#6^
Vh.
ss
so
75
70
65-
I :I -I 45-
Figure 5.5.6 FAB analysis of triflated benzaldehyde.
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5.5.1 The three main products identified by NMR and TLC plates.
31 A B
Ditriflate Monotriflate
O F
C Starting Material
Monotriflate 2,4-dihydroxybenzaldehyde
o o=s-f-
O F
? ? 
0 = S — h-F
o- 0=^.
0  F
O F
OH
,0H
? J _
Tt'
CHO (ppm) 10.27 9.71 9^3 10.26
Mass 589 402 402 269
Rf 0.71 0.47 0.24 0.34
Figure 5.5.2 The three main products identified by NMR and TLC plates.
32 A B C Starting Material
Ditriflate Monotriflate Monotriflate 2,4-Dihydroxybenzaldehyde
o -s
HO
9 fo-s-4- F
OH
OH
CHO (ppm) 10.048 
Mass 589
Rf 0.79
9.94
402
0.67
9 j#
402
0.62
10.26
269
0.50
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Owing to the very exothermie nature of the reaction upon addition of the triflie 
anhydride to the reaction mixture it was found that the reaction was optimised by 
carrying this out at -78° C. The reaction was modified to favour the production of the 
target compound; this was done by enhancing the reaction procedure from the 
literature process^ by the addition of dimethylaminopyridine (5 mol %). This was 
used as a way of increasing the eleetrophilieity of the sulphonie group. The 
dimethylaminopyridine molecule has two lone pairs of electrons one on each 
nitrogen, thereby providing two potential sites available for attack (Figure 5.5.1).
MeN:' N
F,C— SOrO-T-S— CFj
IIO
A
o = s = o
CF,
Attack from the heteroaromatic N lone pairs.
n0 = S —R 
-N-
N:
Attack from the diethylamine group.
Formation of the phenoxide molecule via triethylamine. 
Figure 5.5.1 Reaction mechanism.
Et
E t— N<
I
H
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- 0 ; O — S— R
O
0 = S — R
k
0 = s —N: 0 = S — OCF
Scheme 5.5.12 Reaction between the DMAP adducts and the phenoxide ion.
5.5.3 Cross coupling reactions of triflated phenols
In order to reach the end point of this synthetic strategy it was important to see 
whether the Suzuki-Miyaura cross coupling reaction could be applied to obtain biaryl 
ring systems. The reactions yielded the products in respectable yield. However it was 
observed that as with the 3-bromobenzaldehyde the reaction gave lower yields of 
triflates formed from 3,4-dihydroxy benzadehydes with (16.8%) with NMR 
peaks at 10.054 ppm ( HC=0, singlet) and 8.024 ppm and 7.995 ppm (Ar-H, doublet, 
doublet). 1,4-Hydroxybenzaldehydes gave higher yields (54.6%), with *HNMR 
peaks at 10.094 ppm ( HC=0, singlet) and 8.018 ppm and 7.991 ppm (Ar-H, 
doublet, doublet). TLC plate gave three spots with R f values at 0.71, 0.47 and 0.24.
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Taking into consideration the fact that the reaction had scope for improvement, 
although it definitely (based on spectroscopic analysis), it was not deemed sufficient 
for it to be considered as the principal route of biaryl synthesis. However this route 
could be very useful in future synthesis is the ease of triflation of the benzaldehyde 
and further coupling into a biaryl ring is greater than the ease of coupling of the aryl 
halide directly into a biaryl. Therefore, the use of triflic anhydride would be reserved 
and used as per necessary.
O
HO OH
OTf i) 5 mol% dppf
ii) DMF
iii) NEjCOj
N, 12 hrs, RT
HO
Scheme 5.5.4 Synthetic scheme for the preparation of biaryls from para-triflated aromatic 
phenols.
OTf i) 5 mol% dppf
ii) DMF
iii) Na^ COg
OH +
N; 12hrs,RT
OHOH
Scheme 5.5.5 Synthetic Scheme for the preparation of biaryls from or/Ao-triflated aromatic 
phenols.
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It was considered a viable option to alkylate or acylate the aryl ring system prior to 
triflation as this will lead to ease of identification of isomers produced, and would 
prove to be good indication of the regioselectivity involved in the reaction 
mechanism.
It might be assumed that the pora-hydroxyl group would be avoided as it is most 
acidic and resonance stabilised therefore it would be less susceptible to nucleophillic 
attack, whereas the mefa-substituted hydroxyl group is more nucleophillic as the lone 
pair of electrons on the oxygen would be able to participate in reaction. It is also 
noteworthy that previous work carried out by Qing et al. ^  had also reported difficulty 
when attempting to produce -ortho substituted phenyl triflates.
To conclude, it is possible to report that the reaction involving triflie anhydrides was 
practically challenging and required extensive control of external conditions. The 
reaction was repeated several times in order to seek an ideal synthetic route however 
upon scaling up, the exothermic nature of the reaction became an area of further 
concern, this was combated by carrying out the triflation at -78°C. Once the mixture 
had cooled following the initial step, the next step of the reaction was carried out at 
room temperature; the reaction was enhanced by the addition of 
dimethylaminopyridine as discussed earlier.
The introduction of a further step to this synthesis, namely the triflation process, was 
also another reason it was not pursued further. However the study enabled the further 
investigation and would potentially lead to novel triflated compounds. In this 
instance it was imperative that the end point of this synthesis was reached by the 
generation of a DCL of functionalised biaryl macrocycles which can be reached with 
greater ease with previous Suzuki-Miyaura cross coupling reactions.
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5.6 Functionalisation Reactions
5.6.1 Acylation Reactions.
i)Acylating agent
ii) Base
iii) DMAP
O
Br
,0—R
R = -C0CH2CH3 
-CO (CH2)2CH3 
-CGj^TSCl 
-CO-Ar
-Trifluoroacetic anhydride (TFAA)
Scheme 5.6.1 Functionalisation reactions which were considered.
The choice of base in the both acylating and alkylating reactions was dependent on 
the reagent being used (Scheme 5.6.1). From the reactions attempted, NaH (60% in 
mineral oil) in anhydrous THF proved successful; in the alkylation reactions pyridine 
in DCM and KOH in DMSG was also used. However, solubility problems were 
experienced with DMSG where a longer stirring time was required.
The above reaction scheme was optimized in order to yield acylated derivatives of 
the benzaldehyde: the starting material was left to stir for 30 minutes before the 
addition of the acylating agent. This ensured a complete transfer, which was 
achieved in satisfactory yield.
All acylation and alkylation reactions were initially attempted with 2,4- 
dihydroxybenzaldehyde and 3,4-dihydroxybenzaldehyde in order to obtain 
monosubstituted products, however in most cases, a mixture of disubstituted and
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monosubstitued compounds was obtained, which required further separation by 
column chromatography was obtained.
O
(i)
Br
22 (a) 39
Scheme 5.6.2 Reagents and condition: 2 eq allyl bromide, 4 eq KOH, DMSG (1.5 hours).
21
Acylation reactions were found to be most feasible when 21 and 22(a) were used as 
precursors. The target compound was mostly produced in high yield and contained 
less that 5% of starting material In the reactions where 21 was used, both mono- and 
disubstituted products were also produced (36, 38, 39, 40). The di-substituted 
products were always the chief compound and separated easily by column 
chromatogaraphy. In some instances the title The synthesis of 38 was achieved by 
acylating with tosyl chloride and nitrobenzoyl chloride, this later produced the target 
compound which was identified initially by TLC and then ESI spectroscopy 
In some cases a very small concentration was seen to be the monosubstituted 
compound therefore a sufficient amount was separated by column chromatography in 
order to allow for identification purposes ( by ESI or proton NMR). The 
monosubstituted product 40 (b) was also identified by ESI as seen in Figure 5.61.
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100- 404.0770 7.67
ISOTOPE MODEL fC22H14 07  Ni:
405.0803
1 /
406.0829
ftj— ....................... .............. .— ,— ...... ............................. /T-rrrj
OH
NO,
40 (b)
Figure 5.6.1 ESI Spectroscopy showing the monosubstutued 40 (b).
The tw o com pounds dibenzoylacid 40(a) and m onobezoylacid 40(b) w ere easily 
initially distinguishable due to their differing solubilities, the m onosubstitued 
com pond w as m ore po lar and dissolved better in ethanol, w hereas the d isubstituted 
product was m ore soluble in petroleum  ether: ethyl acetate (3:1). The reaction 
betw een 4-brom o-2-hydroxybenzaldehyde 22(a) (Figure 5.6.2) and 2-(diethylam ino- 
)ethyl chloride gave a paren t ion at 299.05 (39) w ith ESI spectroscopy (F igure 5.6.2).
00-
% -
299.0521
ISOTOPE MODEL lC 1 3 H18 0 2 B r N l
302.0533
10 0
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39
Figure 5.6.2 ESI Spectroscopy Showing the Parent Ion in 39.
Through yield analysis, purity results and spectroseopic analysis of the final product 
formed, it was observed that pyridine worked better as a base for 21 and NaH 
worked better for 22(a) , where two molar equivalents of NaH was used instead of 
three. During acylation of 41, acylating agents (of isonicotinyl chloride) was used in 
15% excess to ensure the target product was formed preferentially.
Nicotinyl and isonicotinyl chloride are good electrophillic agents as they both 
contain N: and O: lone pairs, which are available for attack, the reaction followed an 
SNi mechanism where the intermediate cation formed is available for further attack. 
In the application of Suzuki-Miyaura Cross coupling was attempted, using 22(a) and 
-para and -ortho substituted boronic acids. Coupling of 22(a) with boronic acids, 
which were then functionalised, and then the biaryls underwent cyclocondensation 
reactions to form trianglamines or their equivalent dimers.
It was also noted that in aromatic coupling reactions more than one product was 
formed. Boronic acids did not produce one principal product, as the reaction was 
susceptible to homo-coupling, involving two boronic acid compounds which in most 
cases was the second product of the reaction. For instatnce in the the synthesis of 4- 
formyl-5-hydroxy-4-benzaldehyde (29), three main products were observed in the 
carbonyl region via ^H NMR 10.26 (H-C=0, singlet) from the boronic acid starting 
material, 10.04 (multiplet) from the boronic acid homocoupling product and 9.74 (H- 
C=0, singlet) target compound. Thin layer chromatography of the product mixture 
and GC-MS also confirmed the same products had been formed. A peak with a 
molecular mass of 210 (homocoupling product) was seen on GC-MS, which had 
eluted at 21.49 minutes as the parent peak. A second peak was seen at 226, which 
corresponded to the target compound 30.
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6. Trianglimine Synthesis
The typical procedure outlined for the synthesis of trianglimines involves the 
reaction between (IR, 2R)-l,2-diaminocyclohexane with either terephthalaldehyde or 
isophthalaldehyde (Figure 6.1). This is the pivotal point for this project as it uses the 
reaction to yield functionalized trianglimines. The first step involves of incorporation 
of the specific functionalities into the dialdehyde building blocks, and is followed by 
the macrocyclisation step. The reaction is monitored by NMR spectroscopy; the 
singlet carbonyl peaks in the 10 ppm region are replaced by the singlet imine peaks 
around 8.14 ppm. One might also observe a characteristic CH=N absorbance in the 
1640 cm'^ region of the IR spectra.
a Q [3+3] cyclocondensation
DCM.RT
N
W
1(1R, 2R)- 2 terephthalaldehyde or
1,2-diaminocyclohexane 3 isophthalaldehyde
4 Trianglimine
Scheme 6.1 Synthesis of Gawronski’s trianglimines, room temperature .
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6.1 Synthesis of (11?, ijR^-diaminocyclohexane.^
The synthesis of (li?, 27^-diaminocyclohexane involved a two step process. This 
involved this involved the initial synthesis of (li?, 2i?^-diaminocyclohexane tartaric 
salt followed by decomposition of the salt, thus producing enantiomerically pure 
diaminocyclohexane. (li?, 2i?j-diaminocyclohexane tartrate salt la  was obtained as 
white crystals from racemic {1RS, 2i?»SJ-diaminocyclohexane (1) with L-tartaric acid 
in a half hour reaction at 100 °C in water.e crystals. The reaction mixture yielded 
white crystals which gave pure salt upon recrystalisation. The enantiomeric purity of 
the tartrate salt was confirmed by polarimetry. 1 equivalent of the tartrate salt was 
dissolved in a solution of 2 equivalents of sodium hydroxide aqueous solution, this 
was extracted from chloroform to give enantiomerically pure (li?, 2R)~ 
diaminocyclohexane as white needles (60 %) (Figure 6.2). Optical rotation by 
polarimetry gave a value of [a] 25d - 23 °  ( c  4, HCl (2M), 1-dm).^
l-(lRS, 2RS) L-Tartaric acid
COOH
HOOC
-QOC-QOC
White precipitate
(16: 25) 
Solution
coo-
Figure 6.2 Synthesis of diaminocyclohexane tartrate salt.
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6.2 The synthesis of trianglimines from aromatic dialdehydes.
These were synthesised by using the same synthetic procedure used by Gawronski.^ 
(Figure 6.1). Trianglimine 4 was obtained after a 3 hour reaction at room 
temperature, using a 1:1 equivalence of 1 and 2 in dichloromethane. This gave a 
90% yield and spectroscopic data coincided with data reported by Gawronski.^ 
Repetition of the synthetic procedure enabled the successful production of high 
yields of the reported trinalglimines. This provided sufficient background into 
exisiting work on trianglimines and led to the synthesis of a new variety of 
macrocycles with the biaryl ring system. Work carried out in Chapter 4 was used to 
synthesise functionalized dialdehydes, this involved the formylation of a readily 
available starting material, which was then made into a biaryl ring system via the 
Suzuki-Miyaura methodology. The starting material contained a phenolic group with 
a bromine in the meta position, such as in 3-bromophenol. Other starting materials 
had similar structures with an additional -OH group substituted on the ring, which 
had the potential to participate in further substitutions. The overall reaction scheme is 
summarised in Scheme 6.3.
The four major steps used were; (i) formylation, (ii) functionalisation, (iii) Suzuki 
Coupling and (iv)cyclocondensation. Each step was investigated and studied in order 
to achieve the best practical methodology.
105
Chapter Six - Synthesis o f  Trianglimine Hosts
CHO CHO
i.Formy lation 
>■
OH
ii.Functionali sati oin 
 ►
OR
Br
iii.Suzuki Coupling 
----------------- ^  OHC
Br
■CHO
V. Cyclocondensation RO ORr= N  N=>
- o
OR
Target compound
Scheme 6.3 Synthetic Scheme 2.
6.3 Trianglimine Synthesis from biaryl dialdehydes.
The trianglimines 16,17 ,18 ,19  and 20 were synthesized from. These were obtained 
from 11, 12, 13, 14, and 15 (Figure 8.3) and (IR, 2^-diaminocyclohexane 1 in 
dichloromethane after 3 hours at room temperature. These were left over 72 hours in 
dichloomethane to ensure that the most thermodynamically stable product has been 
achieved. Reversible imine bonds were allowed to form in order to produce the most 
favourable compound. In all these cases traces of the trimer were present in the 
reaction however upon completion of the reaction it was evident that the dimer was 
the most thermodynamically stable product.
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O
11
O
12
14 15
Figure 6.3 Structures of the biaryl ring systems synthesised by Suzuki Miyaura cross coupling 
reactions.
The reactions were monitored by ESI mass spectroscopy. Heterocyclic Diamine 19 
was obtained from 5-Formyl-2-thiophene-3-formy 1-phenyl 14 (IR, 2R)~ 
diaminocyclohexane 1 in dichloromethane after 3 hours at room temperature. With a 
molecular ion at 589 (m/z) displays the formation of the product as a parent ion (588 
plus H^). This is seen in Figure 6.4.
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Figure 6.4 An ESI spectra of 19 showing a distinctive peak at 589, which represents the dimer 
H formation.
NMR spectrum of the product showed imine protons as singlets at 8.15 ppm, and 
the aromatic proton as another singlet at 8.37 ppm.
NOES Y experiments were carried out to determine the correct structure of the 
macrocycle obtained. The thiophene ring can take one of two possible positions in 
two regioisomers 19 (a) and 19 (b) (Figure 6.5).
■^N
N = -
;=N N=<
N=-
19(a) 19(b)
Figure 6.5 Heterocyclic dimers formed from cyclocondensation reactions.
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The NOE arises between nuclei with magnetic through space interactions, and 
NOES Y cross peaks indicate an NOE correlation between the two protons (Figure 
6.6). The value of the J coupling constant also identifies the position of the aromatic 
substituent in question.
n o e sy  i n  c d c l3  f  j 44m. *
J L L l JLi—I JLi ppm
- 2
- 5
- 7
6 3 2 18 7 5 4 ppm
Figure 6.6 2D NOESY spectra in CDCI3 of 19 (a).
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The splitting pattern observed between the neighbouring protons identifies the 
product to be 19 (a). Irradiation of H (1) proton enhances H (2), H (7) and H (3’), 
whereas H (4’) enhances H (1) only (Figure 6.7), as observed by the correlation 
between the two proton NMRs. This would not have occurred if 19 (b) was the 
product, as there would be proton enhancement between the two thiophene rings. 
This proves the regioselectivity of the macrocycle formed.
Figure 6.7 The interaction of protons in 19 (a).
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Diamine 20 (70 %) was obtained from a 0.1 M solution of 4,4’-diformylphenyl 15 
and (17?, 27?)-diaminocyclohexane 1 in a 3 hour reaction at room temperature. The 
NMR spectrum showed the imine peak at 8.15 ppm as a singlet, and the aromatic 
protons appeared as a pair of doublets at 7.66 and 7.46 ppm with a 
cyclocondensation product at m/z 5.77.7 (M+H)
6.3.1 Trianglimes with a biaryl ring systems with a methylene bridge.
A further variant of trianglimines was synthesised by using 5,5’-methylene-6/5- 
salicyaldehyde;^ this was readily synthesised in high yields and had already 
incorporated the biaryl ring system in the macrocycle. The biaryl constituents were 
synthesised and further functionalised prior to carrying out cyclocondensation of the 
functionalised biaryls into trianglimines.
The second option was to carry out the macrocyclisation reaction prior to 
functionalisation, however this did not prove as synthetically viable and low yields 
were achieved. The macrocycle could have been sterically hindered which required 
increasing the molar quantities of the functionalising agent, and manipulation of 
reaction conditions. The product gave both dimers and trimers, however upon 
equilibration of the reaction mixture the dimer gained precedence as observed by 
NMR and NMR. A deviation from the reaction protocol was considered in order 
to minimise the number of steps required in the synthetic design. The coupling 
reactions were very adaptable to the starting materials which were used, and success 
was achieved, with the modified Suzuki-Miyaura cross coupling reactions. However, 
it was decided that it would be a sound idea to bypass coupling reactions wherever 
possible in order to reduce the number of synthetic steps required to reach the desired 
macrocycle in high yield.
This was achieved by considering synthetically feasible precursors of the reaction, 
bearing the desired biaryl groups as well as creating an opportunity to increase the 
size of the cavity and even be able to provide extra molecular space on the structure 
for further potential binding motifs. This was not approached in trial and error way 
and so from previous considerations and working retrospectively 5,5’-methylene-Z>/5- 
salicyaldehyde 21 was identified as a possible starting material (Scheme 6.8.1).
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RO OR
iii Cyclocondensation
ORRO
RO OR
Functionalisation O
HO  ^ ^  ^  OH
SchifFBase synthesis
5-5’-methylene-to-salicyaIdehyde
21
functionalized biaryl ring system
5-5’-methyIene-Z»/5-salicyaldehyde substituted macrocycles
Scheme 6.8.1 Synthetic scheme for increasing the cavity in the macrocycles, were R is the 
functional group which has been added as described in Chapter 5, Scheme 5.1.
This would lead to a more diverse DCL and generate a new elass of macroeycles. 
The main advantage of this strueture is due to the methylene bridge, which allowed 
the design of future reactions in order to increase the number of binding motifs on 
the structure. The 5-5’-methylene-Z?w-sal icy aldehyde 21 was synthesised by using 
the reference synthesis of Marvel and Torkey.^’"^ This was used in a
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cyclocondensation reaction with (IR, 2R)-diaminocyclohexane 1 at room 
temperature for 12 hours. 24 was successfully synthesised in 90 % yield as the 
cycloeondensation product with a mass of (m/z) of 668, M+H. It was also noted that 
with bulkier biaryl building bloeks a longer reaction time was required. This ensured 
the reaetion went to completion (Figure 8.9). was purified and acted as the precursor 
for the new variety of macroeycles, bearing the methylene bridge, as seen in the 
macroeyclisation of 23, which gave the equivalent 25 (see Figure 6.9).
5-5’-methylene-Ws-salicyaldehyde (21)
OH
HO
OHHO
24
Figure 6.9 The structure 21 and the macrocyclic 24.
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O
OMeMeO
23
MeOgC ^COgMe
MeOX CO.Me
25
Figure 6.10 The structure of 23 (dimethyl 2,2’-(4,4’-methylene-Ws-(2-formyl-4,l-phenyIene)-Z>/s- 
(oxy)diacetate ) and 25.
Macrocyclisation reactions involving analogues of 21 were achieved in higher yields, 
however it was observed that the dimer was mostly preferred, and this was extracted 
as the principal compound. 4,4’-methylene-6/5-(2-formyl-4,l-phenylene)-6/5-(2,2,2- 
trifluoroacetate) 38 and 4,4-Methylene-6z^-(2-yl-methoxy) benzaldehyde) 36 was 
also successfully identified as a principal product as seen in Figures 6.11, 6.12 and 
6.13.
OO
Figure 6.11 The structure 35 4,4’-methyIene-Ws-(2-formyl-4, l-phenylene)-Wx-(2,2,2- 
trifluoroacetate).
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Figure 6.12 The structure 38. 4 ,4’methylene-Ws-(2-formyl-4, l-phenyIene)-Z>/s-(4- 
methylbenzenesulphonate).
The functional groups incorporated into the biaryl ring system had basic properties in 
order to withstand the cycloeondensation step.
Figure 6.13 The structure 3 6 ,4,4’-methylene-Ws-(2-yl-methoxy) benzaldehyde).
OH
Br
Figure 6.14 The structure of 22 (a).
22(a)
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The key feature of the building block synthesis was the functionalisation step 
involving the reactions outlined Chapter 5. These involve the substitution of a 
functional group to the biaryl building blocks which were able to act as potential 
binding sites to the guest. The outlined substitutions in 5.6.1 were carried out with 
both starting materials 22 (a) (Figure 6.14) and 21 (Figure 6.9) in order to introduce a 
degree of variation into the DCL. The results of the synthesis showed that 21 was a 
better precursor for trianglamine synthesis and also allowed a facile way of 
generating di-substituted biaryl ring systems.
This gave 21 the added advantage of being able to be used in a wider range of 
functionalisation experiments which included the generation of 23 and their 
respective macrocycles 25 (Figure 6.9). It is also noteworthy that in the majority of 
the cases MS fragmentation studies showed the presence of the equivalent mono­
substituted biaryl ring systems, which could also be used in future host guest studies. 
All structures were also used in the DCL and added to the multitude of the diverse 
structures available for receptor site generation. All biaryl ring systems using 21, 
were synthesised in ambient reaction conditions. The equivalent substituted 
compound was also produced at a yield worthy of further consideration. The biaryl 
ring systems acted as the building blocks used to generate macrocycles. Following 
condensation reactions the equivalent building blocks were incorporated into all 
macrocycles and available for host guest studies.
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7.1. Amino acids chosen for host guest studies.
The following amino acids were selected as potential guests in the host guest studies. 
The binding of the guest to the host would prove the concept of the project. The idea 
of the design of the macrocycles originates from providing complementary binding 
sites for amino acids, a basic structure of which is shown in Figure 7.1.2. By 
convention, this consists of an amino and a carboxyl group. The amino terminal is 
situated to the left side and the carbonyl group on the right side.
H ^N
R
C O ,
' ' 'H
Figure 7.1.2 Basic structure of an amino acid
To test the binding of the compounds a selection of di- and tri-peptides was used. It 
included glutathione (Figure 7.1.2) Ala-Ala and Ala-Gly (Figure 7.1.3) and 
glutathione (Figure 7.1.2). These exhibit functionalities that could be used as ligand 
specific binding sites.
Glutamate 
Figure 7.1.2 Glutathione molecule.
SH
HO N
H
NH. O
Cy stein
o
OH
Glycine
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OH
H - N H - N
I
H
OH
O
Ala-Ala (S)2-Aininopropioiiic Acid (Alanine)
H - N
OH
H - N
Ala-Gly Glycine
Figure 7.1.3 Molecular structure of amino acids used as hosts
0 -H
H -N
O'-H
O'-H
H -N ?O -H
Amino Acid 1 Amino Acid 2 Dipeptide Water
Scheme 7.1.4 Process of amino acid formation
The host guest studies carried out allowed the reaction mixtures to be formed under 
thermodynamic stability (reaction conditions outlined in 9.3.1) The reactions were 
monitored by ESI and reactions were pursued further depending of the complex in 
the designated solvent system and ease of isolation of side products. The 
experiment table outlined in 7.1.1 shows each product number and the amino acid it 
was mixed with. From the experiments below (Table 7.1.1) it was possible to 
determine whether the presence of a guest impacted the structure of the host and also 
wether reversible bond formation was evident.
119
Chapter Seven -  Use o f Polyimine Structures as Hosts
Table 7.1.1 Host guest experiments which were carried out.
Experiment Glutathione Ala-Ala Ala-Gly Gly-Gly
No. A B C D
1 26 26 26 -
2 38 38 38 38
3 18 18 18 18
4 19 19 19 19
5 99 99 99 99
7 25 25 25 25
8 24+23+ 24+23+ 24+23+ 24+23+
DACH DACH DACH DACH
The above experiments were carried in separate vials consisting of a dissolved 
solution of DCM with the specified dialdehyde or macrocycle mixed with amino 
acids A, B C or D. Each vial was then monitored by LCM (see Chapter 9) in order to 
observe potential binding between the host (macrocycle or biaryl building block) and 
guest (amino acids which represent the main constuents of the bacterial cell wall). 
The most successful binding which occurred was then selected and used further in 
the DCL.
Table 7.1.1b Structures pertaining to the experiments in Table 7.1.1
OMeMeO
Br
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DACH
.NH, OH
NHg
;=N
'= N .
'= N .
MeO,C OHHO.
N.„ N.„
MeO,C‘ CO,Me OHHO'
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7.2 Attempted Proof of Concept.
7.2.1 Reversibility Assessment of me/fl-Substituted Biaryl Dialdehydes.
In order to show that a DCL can be formed from biaryl dialdehyde building blocks 
and diaminocyclohexane the reversibility of macroeyclisation was tested using 
dialdehydes 13 and 14 in the presence of diaminocyclohexane. In theory, from this 
combination of building blocks three macrocycles X, Y and Z (19X, 19Y and 18) 
could be formed, which should be detectable by mass spectrometry due to their 
unique m/z ratio. Proof of reversibility in the trianglimine system based on simple 
aromatic dialdehydes and diaminocyclohexane was already shown by Kuhnert et al. ^
0 >NH2 
""NH,
m/z M+H 589 m/z M+H 583 m/z M+H 577
19X 19Y 18Z
New Product generated from DCL
Figure 7.2 DCL Mixture.
Surprisingly the actual experiment showed only the presence of one of the expected 
macrocycles. Only a signal at m/z 589 corresponding to the M+H ion of compound
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19 could be observed in the mass spectrum (Figure 7.2). Since in the previous 
chapter it was shown that under identical reaction conditions compound 18 formed in 
almost quantitative yield it does not seem appropriate to speculate that under the 
DCL conditions 18 is not present at all. A more realistic interpretation of the result 
assumes that the ionization properties of the formed macrocycles are dramatically 
different resulting in the selection of one compound being ionized preferentially.
This preferred ionization could be due to the inherent properties of compound 19, in 
which the thiophene substituent enhances the ESI basicity of the neighboring imine 
nitrogen. Alternatively this difference in ionization behavior could be due to other 
components present in the mixture affecting the ionization of 19 and 19Y. Similar 
effects are commonly known in mass spectrometry and have been summarized under 
the term ion suppression.^ In ion suppression one or more components in a mass 
spectrometry matrix is able to suppress the ionization of a second component. A 
structural model for the ion suppression effects of carboxylic acids in negative ESI 
ion mode.^
Figure 7.2 Peak at 589, intact macrocycle 18.
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18
From this experiment it can be concluded that not all dialdehyde building blocks are 
suited to be studied for their behavior in DCLs using mass spectrometry and other 
experimental techniques are required. Hence, this class of compounds was 
abandoned for further studies and a different class of dialdehydes investigated further 
to demonstrate the concept that dialdehydes with C=0-C=0 distances of larger than 
10 pm can be used as building blocks in DCLs.
7.3.1 Dynamic Combinatorial Libraries in the Presence of a Guest.
To show that the presence of a guest molecule has a strong influence on the 
composition of the DCL, dialdehydes 35 and 21 were combined with 
diaminocyclohexane in the presence of dipeptide guest molecules. Other 
combination of products included 21 with 35, 23, 38, 13 and 14 and these were 
mixed with a combination of dipeptides which included; Ala-Ala, Gly-Gly, Ala-Gly 
and Glutathione.
The most promising effect was found for Gly-Gly. For the above mentioned DCL in 
the presence of Gly-Gly the mass spectrum (Figure 7.3) showed two prominent 
signals at m/z 669 and 803, which correspond to macrocycle 24 at m/z 669 and a 
complex ion of 21*GlyGIy at m/z 803 respectively. This finding clearly shows that 
DCLs based on the diamine dialdehyde system are able to form the most 
thermodynamically stable host guest complex. Additionally, the experiment showed 
that the dipeptide guest molecules successfully influence the composition of 
functionalized dialdehyde diamine DCLs, and offers promise in the identification of 
novel macroeycles that are able to bind to medicinally relevant oligopeptides.
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yM Ü îim  m
Figure 7.3 Ion of 2I»GlyGIy*
21
ML
Figure 7.4 Ion of 21»GlyGly»Na at m/z 823.
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A nother successful effect w orthy o f  m ention involving aldehydes 23+21+ 
diam inocyclohexane DACH, from  the sam e D CL in the presence o f  G ly-G ly the 
m ass spectrum  show ed strong signals at m/z 400.1, and 823 w hich correspond to the 
free aldehyde 23 (Figures 7.6) and the m acrocyclic com plex o f  hom o m acrocyclic 21 
at m/z 669 and a com plex ion o f  21*GlyGly*Na at m/z 823 R eaction m ixture 2 
included 23 (Figure 7.4), this rem ained the ch ief parent ion after a 24 hours (Figure 
7.5).
Figure 7.5 Ion of 21*GlyGly»Na at m/z 823, after 24 hours.
ml _»JiEï mi
Qgiial -o-i-8-i^i a s t y li
•"I •• I '  T '
Figure 7.6 Free aldehyde 23 at 400.1 m/z.
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MeO OMe
23
7.4 Table of Masses for all Mass Spectrometry Artifacts Formed.
In order to elueidate the structure of the products which were formed in the host 
guest studies, it was important to consider the original work by Sanders'^ which 
highlighted the fact that DCL can also give rise to more than one thermodynamic 
product, this depends on the building blocks available in the DCL and entropy 
determinations/ Table 7.4.1 contains the M^ masses (m/z) of the initial products 
which were designed and isolated under the research objective. The following tables 
(Tables 7.4.2 and 7.4.3) contain open chain structures, which also might be expected; 
however these would be produced where no other thermodynamically stable product 
would be formed.
If the above scenario was suspected then it would be possible to deviate from the 
DCL design and the project would target a biased DCL to overcome further open 
chain polymerization products, eliminating isomers or functionalities which could 
potentially lead to open chain isomérisation. This limitation has been reported by 
Sanders et al.^ Who has also noted further complications, which may have also 
affected the generation of such open chain products.^
The main issue would be that of solubility, whereby the product would no longer be 
able to stay in solution therefore the DCL would not select that particular ligand as 
its new receptor component.
127
Chapter Seven -  Use o f Polyimine Structures as Hosts
The table of masses were generated in order to be able to identify the fragmentation 
peaks observed from the outlined ESI experiments carried out. Each experiment 
carried out had three possible outcomes:
i) intact macrocycle reaction with guest;
ii) open diamine ( A l, A1 + DACH) reaction with guest;
iii) aldehyde (Al + DACH) reaction with guest.
The fragmentation of the specific reaction mixture was sufficient to allow us to 
determine which product was the product of choice through the selection process of 
the molecule attributed by the reversible imine bonds. Through these studies it would 
also be able to identify products which were formed through the chemical evolution 
of the reaction such as through the replacement of dialdehydes which would give rise 
to heteromacrocycles, these have been referred to as 1,2,1,3 and 1, 4 respectively.
7.4.1 Macroeycles without the disruption of the imine bonds.
OHHO,
HO' OH
,0HHO,
■""N
TsO' OTs
1,1 1,4
,0H
HO,
MeOjC' COjMe
1,3
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,0H
HO,
N., N.„
1,2 2,2
,TsO
TsO,
OTsTsO'
4,4
.CO^Me
COjMeMeO,C'
3,3
Table 7.4.1 Intact macroeycles without the disruption of the imine bonds.
Macrocycle 24 M35 25 , M38 New New New 19 18
1,1 2 , 2 3,3 4,4 1 ,2 1,3 1,4 5 6
Compound
(m/z)
6 6 8 1053 957 1285 861 813 977 577 589
Dication
Macrocycle
M+2H
336 528 479 643 432 408 499 290 292
M+sodium 691 1075 979 1307 883 835 999 599 611
M+Ala-Ala 828 1215 1119 1447 1023 975 1139 739 751
M+Gly-Gly 800 1185 611 1417 993 945 1109 709 721
M+Ala-Gly 814 1199 1103 1431 1007 959 1123 723 735
M+Glutathione 1136 1520 1424 1752 1328 1280 1444 1044 1056
M+Gly-Gly+Na 823 1207 633 1439 1015 967 1131 731 743
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M+Ala-Ala+Na 853 1237 1141 1469 1045 997 1161 761 773
M+Ala-Gly+Na 837 1 2 2 1 1125 1453 1029 981 1145 745 757
M+Glutathione
+Na
1158 1542 1446 1774 1350 1302 1466 1066 1078
M+Ala-Gly+Na 758 1142 1047 1375 951 902 1067 - -
M+Glutathione
+Na
1079 1463 1368 1696 1272 1223 1388
7.4.2 Open chain macroeycles with one DACH group.
,0H
HO.
OHHO"
,0HHO.
OTsTsO'
1,1 1,4
,0H
HO.
MeO,C' CO^Me
1,3
,0HHO.
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1,2 2,2
,TsO
TsO,
TsO' OTs
4,4
MeOjC.
MeOjC' ■CO^Me
3,3
Table 7.4.2 Open chain macroeycles with one diaminocyclohexane (DACH) 
group.
Open Diamine 1,1 2 ,2 3,3 4,4 1,2 1,3 1,4
New New New
Compound {m/z) 590 974 879 1207 783 734 899
Dication Macrocycle 
M+2H
296 488 441 605 393 368 451
M+sodium 612 996 901 1229 805 756 921
M+Ala-Ala 752 1136 1041 1369 945 896 1061
M+Gly-Gly 722 1106 573 1339 915 8 6 6 1031
M+Ala-Gly 736 1 1 2 0 1025 1353 929 880 1045
M+Glutathionc 1057 1441 1346 1674 1250 1 2 0 1 1366
M+Gly-Gly+ Na 744 1128 595 1361 937 8 8 8 1053
M+Ala-Ala+Na 774 1158 1063 1391 967 918 1083
M+ Ala-Gly+Na 758 1142 1047 1375 951 902 1067
M+Glutathionc+Na 1079 1463 1368 1696 1272 1223 1388
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7.4.3 Open chain macroeycles with a dialdehyde group and two DACH 
molecules.
,0H
HO. MeOjC.
NHj HjN'
NH, H,N’
,TsOTsO.
"'"N H , H,N’
   .... I,
\SS:Sæ
I s . ,  1
. . .  I l . i u i . a  I It J finu ii i  H t. 1.. j H ' it  / .»  .H V..  ^ H*!.. « tL « yt-ttii#
Figure 7.7 Parent ion at 449.5, open dialdehyde 21.
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Table 7.4.3 Open chain macrocycles with a dialdehyde group and two DACH 
molecules.
Dialdehyde 21 2 1 35 23 38 14 13
- No DACH 1 2 3 4 5 6
M Compound ( m/z) 257 449 641 592 756 216 2 1 0
M")"2H (Dication Macrocycle) - 226 322 297 379 - -
M+ sodium 279 471 663 614 778 238 232
M+ Ala-Ala 419 611 803 754 918 378 372
M+ Gly-Gly 389 581 773 724 8 8 8 348 342
M+ Ala-Gly 403 595 787 738 902 362 356
M+ Glutathione 724 916 1108 1059 1223 683 677
M+Gly-Gly+ Na 411 603 795 746 910 370 364
M+ Ala-Ala+Na 441 633 825 776 940 400 394
M+ Ala-Gly+Na 425 617 809 760 924 384 378
M+ Glutathione+Na 746 938 1130 1081 1245 705 699
Table 7.4.3 Open chain macroeycles with a dialdehyde group and two DACH molecules.
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Conclusions
The devised synthetic plan carried out has allowed development of an already 
existing methodology in the synthesis of biaryl dialdehydes. This has been found to 
be applicable to the synthesis of trianglimines and to the future chemistry of this 
novel class of macrocycles. Work concentrated on the chemistry of preparing starting 
materials and precursors for each reaction procedure, and to optimise further 
conditions in each step. The Suzuki-Miyaura Cross Coupling methodology was 
applied in the synthesis of biaryl dialdehydes. This proved very successful allowing 
incorporation of both aromatic and heterocyclic ring systems into the structure. The 
yields were increased by altering the catalyst, ligand, base and the solvent involved. 
An interesting feature of this methodology was that with optimum reagents and 
conditions, the reaction was applicable to most phenolic boronic acids and aryl 
bromides. Once this was achieved, the project concentrated on the synthesis of 
functionalised aldehydes, which involved acylation and alkylations of the hydroxyl 
group.
The first strategy employed involved formylating 3-bromophenol, which could be 
further functionalised before the coupling stage. To enable more synthetic flexibility 
aryl triflates were also synthesised. The trifilated aromatic aldehydes were also 
substituted and had full potential for further investigations and elaboration. This also 
gave mono and ditriflates giving scope for multiple functionalisations, as each 
triflated position represented a pseudo halo group. However, this synthetic procedure 
was not pursued further due to the reaction procedure being so exothermic in nature 
and sensitive to moisture. The reaction also introduced a further step which would 
reduce yields and create more purification steps due to the presence of mono-, di- 
and tri-triflated products. A further strategy was explored by using 6 /5-salicyclic 
aldehyde as a precursor for the building blocks, these compounds were further 
functionalised and yielded dimers which were incorporated into the DCL.
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(3+3) cyclocondensation reactions were attempted with all biaryl building blocks 
which were synthesised in the first reaction strategy, however it was noted that in 
most cases a dimer was preferred and through the thermodynamically stabilising 
feature of the macrocycles the concentration of the dimer was predominant in 
solution. This was thought to be attributed to the geometry of the biaryl ring system 
and the axis of symmetry in the compound. In all cases the isolated macrocycles 
formed the DCL. This was used to mix macrocycles which would then “select” the 
most favourable structure. Which involved devising LCMS experiments using 
dimers, biaryl building blocks and DACH from the DCL. This also emphasised the 
concept of natural selection described in Chapters Four, in order to produce 
trianglamines, identified by LCMS. The work carried out will enable further research 
into the synthesis of the dialdehydes bearing functionalities which will allow binding 
with the bacterial cell wall (Chapter One), and subsequent host guest analysis 
between the macrocycle and the specific amino acids present in the bacterial cell 
wall.
The research outlined in this thesis has allowed the chemistry of trianglimines to be 
elaborated and extended with the application of the Suzuki- Miyaura cross coupling 
reactions specific to the designed functionalised aryls. This has been teamed with the 
novel concept of DCC and DCL generation. The reversibility of its imine bonds 
presented this research with the flexibility of allowing the selection of the particular 
building blocks, have been identified as having future prospects for further work in 
this area.
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Part III: Experimental
Chapter Eight 
Experimental: General Experimental
8. General Experimental
and NMR spectra were recorded on a Bruker Avance DRX-500MHz 
spectrometer. 6  values are quoted relative to tetramethylsilane (5=0.00ppm) or 
chloroform (5=7.27 ppm) for NMR and relative to chloroform (CDCI3) (5c= 77.0 
ppm) for NMR. Peak assignments in the proton NMR are reported as follows: s= 
singlet, d= doublet, d,d= doublet of doublets, t= triplet and m= multiplet. Melting 
points were determined by Kofler hot-stage apparatus. Microanalysis were carried 
out using Leeman CE 440 automatic elemental analyser.
Elemental analysis has been seen as an unreliable method of purity detection due to 
the inclusion of solvent molecules usually trapped in the macrocyclic cavity. Thus 
not being a suitable method of purity check. In such situations the identity of the 
compounds in question have been supported by an alternative method of 
spectroscopic analysis. This observation has also been made during the elemental 
analysis of other macrocycles such as calixarenes, where authors have shown that the 
inclusion of solvents and impurities in the cavity, this would then effect the results of 
the elemental analysis.*’^  Infra red spectra were determined by Perkin Elmer 200 
Spectrometer. Optical rotations were determined on a Bellingham+Stanley ADO 220 
polarimeter. A minimum of two concentrations were used to determine optical 
rotations. Gas Chromatography Mass Spectra was recorded by Hewlett Packard 
G1800A GCD System. Liquid Chromatography-Mass Spectrometry was recorded 
using Thermo Finnigan LCQ. Thin layer chromatography (TLC) was carried out on 
commercially available pre-coated plates (Merck-Keiselgel 60 F 254 silica) using a 
mixture of ethyl acetate: hexane (1:3) as a solvent system.
All chemicals/reagents were purchased from ACROS, Lancaster or Aldrich chemical 
companies. Solvents were dried using standard procedures^ and reagents used 
without further purification unless otherwise stated.
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8.1 LC-ESI-MS
The LC instrument ThermoFinnigan is interfaced with an LCQ Deca XP, Plus NMS 
containing an ESI Inlet, operating in negative ion. A PDA detector was used for the 
UV with three different channels scanning at different wavelengths as well as an MS 
detector. The experiments were carried out in both analysis mode and direct infusion. 
During analysis the method set up had a sequence which carried out runs every 30 
minutes for a period of 990 minutes. The solvent system used in all experiments 
Was A and B were A was 2 % acetonitrile and 2 % formic acid and B was 2 % 
formic acid and 99.5 % acetonitrile. Mass range being detected: 120-2000, with 
collision energy of 35, run time for direct infusion was Imin and 30min for analysis 
sequences. The sample being injected was made to a 5 % solution of chloroform, 
from which 1 mL was taken into 10 mL of acetonitrile.
8.1.1 SOP Capillary transfer tube cleaning procedure.
1) Take out the dirty capillary transfer tube from the LCQ-Deca.
Take care as the Capillary is ~ about 270 -  300°C.
2) Place in a clean glass measuring cylinder.
3) Add 30 ml of neat formic or acetic acid. (DO NOT add water)
Take care as neat formic or acetic acid is very corrosive
4) Leave to stand for 7 days.
Place warning signs around the measuring cylinder.
5) Sonicate the measuring cylinder.
6) Take out the capillary transfer tube and rinse with water.
Take care as neat formic or acetic acid is very corrosive
7) Place in a clean measuring cylinder and add neat methanol.
8) Sonicate the measuring cylinder
9) Dry the capillary transfer tube in a warm air stream.
Be careful not to touch the capillary transfer tube with your bare hands.
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8.2 ESI Experiments
10.8.1 Experiment 1 Long check
MS Run Time (min): 1.00 
Scan Range: 120-2000 m/z 
Normalised Collision Energy: 35.0
No Time Flow A B
(min) (p L/min) (%) (%)
1 0.00 300 96 4
2 1.00 300 96 4
3 200 50 96 4
Table 8.1 Gradient programme.
8.2.2 Experiment 2 long check short run
MS Run Time (min): 1.00 
Scan Range: 120-2000 m/z 
Normalised Collision Energy: 35.0
No Time Flow A B
(min) (p L/min) (%) (%)
1 0.00 300 96 4
2 1.00 300 96 4
Table 8.2 Gradient programme.
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8.2.3 Experiment 3 M254 + Glu pos Long check.
MS Run Time (min): 30.00 
Scan Range: 120-2000 m/z 
Normalised Collision Energy: 35.0 
Gradient Programme
No Time
(min)
Flow 
(p L/min)
A
(%)
B
(%)
1 0 .0 0 300 1 0 0 4
2 7.00 300 55 45
3 1 0 .0 0 300 4 96
4 1 2 .0 0 300 0 1 0 0
5 25.00 300 0 1 0 0
6 28.00 300 1 0 0 0
7 30.00 300 1 0 0 0
Table 10.3 Gradient programme.
8.2.4 Experiment 4 M254 + Glu pos diff grad.
MS Run Time (min): 30.00 
Scan Range: 120-2000 m/z 
Normalised Collision Energy: 35.0
No Time Flow A B
(min) (p L/min) (%) (%)
1 0 .0 0 300 96 4
2 2 .0 0 300 55 45
3 1 0 .0 0 300 4 96
4 1 2 .0 0 300 0 1 0 0
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5 25.00 300 0 1 0 0
6 28.00 300 0 1 0 0
7 30.00 300 96 4
Table 8.4 Gradient programme.
References:
 ^ C. D. Gutsche, K. A. See., J. Org. Chem., 1992, 57, 4527.
 ^P. R. A. Weber, G. Z. Chen, M. G. B. Drew, P.D. BQQv., Angew. Chem. Int. Ed. 
Eng/. 2001,40, 2264.
 ^J. A. Riddick, W. B. Burger, T. K. Sakano., Organic Solvents. 1986, John Wiley & 
Sons: New York.
141
Chapter Eight-Experimental
Biphenyl-3, 4’dicarbaldehyde (11).
3-Bromobenzaldéhyde (150 mg, 0.8 mmol.) and 4-formylbenzene boronic acid 
(124.78 mg, 0.8mmol.) was added to a solution of PdCEdppf (36.59 mg, 5 mol.%) 
and sodium carbonate (318 mg, 3mmol. ) in DMF (5mL) the reaction was stirred 
for 48 hours at 60°C under N2 gas. The residue was washed with ethanol (3 x 20 ml). 
The solvent was removed by rotary evaporation to give white needles (96.8 mg, 
58%)
Analytical data: mp (123-123.5 °C ); IR Vmax (Nujol)/cm’  ^ 1698 (C=0); NMR 
(500 MHz; CDCI3) Ôh 10.11 (IH, s, CH=0), 8.15 (IH, s, Ar-H), 8.08 (2H, d, Ar-H), 
7 .9 3  ( 3H, d, Ar-H), 7.81 (2H, d, Ar-H), "C  NMR (125 MHz; CDCI3) 8 c 192 (C=0), 
185 (C=0), 145.5, 1407, 137 (Ar-C), 135 (Ar-C), 127 (Ar-C). CHN Calc, for 
molecular formula : 79.98 % C, 4.79 H %, 15.22 % O2 ; found: 75.63 % C, 4.71 % 
H; GGMS: C14H10O2 (m/z 210, IvT)
5-FormyI-2-thiophene-4-benzaIdehyde (12).
V MJ
4-Bromobenzaldehyde (150 mg, 0.8 mmol. ) and 5-formyl-2-thiopheneboronic acid 
(124.78 mg, 0.8mmol.) were added to a solution of PdCbdppf (36.59 mg) and 
sodium carbonate (318 mg, 3mmol.) in DMF (5mL). The reaction mixture was 
stirred for 48 hours at 60°C. The reaction mixture was poured into water (30mL) at 
room temperature and filtered off. The resulting filtrate was washed with ethanol (3 
X  20 ml). The solvent was removed by rotary evaporation to give yellow crystals
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(69.3 mg, 40%). Analytical data: mp (157.5-158.5°C), IRvmax (Nujol)/cm'^ :, 1698 
(C=0), 1600 (C=0), 1377,1290, 1204,1164, 783, 690, 'H NMR (500 MHz; CDCb) 
5h 10.15 (IH, s, CH=0), 9.90 (lH,s,CH=0), 8.10 (4H, d, Ar-H), 7.78 (2H, d, Ar-H) 
"C  NMR (125 MHz; CDCI3) 8 . 192 (C=0), 145, 140 (Ar-C), 138 (Ar-C), 133 (Ar- 
C ),, CHN Calc, for molecular formula : % C, 66.5 %, H 3.7 %, O 14.8 %, S 14.83 % 
; found: C 63.65 % , H 3.5 %, O 14.5 %; GCMS: CioHgOzS (m/z 216, M^).
Biphenyl-3,3’-dicarba!dehyde (13).
3-Bromobenzaldéhyde (150 mg, 0.8 mmol.) and 3-formylbenzene boronic acid 
(124.78 mg, 0.8mmol.) was added to a solution of PdCbdppf (36.59 mg) and 
sodium carbonate (318 mg, 3mmol. ) in DMF ( 5mL). The reaction was stirred for 
48 hours at 60°C under N2 gas. The reaction mixture was poured into water (30mL) 
at room temperature and filtered off. The resulting filtrate was washed with ethanol 
(3 X 20 ml). The solvent was removed by rotary evaporation to give white needles 
(119.3 mg, 71%) Analytical data: mp (98-98.2°C (hygroscopic)); IRVmax (Nujol)/cm‘ 
1694 (C=0),1600 (C=C Ar); 'H NMR (500 MHz; CDCI3) 8 h 10.12 ( 2H, s, 
CH=0), 8.15 (2H, s, Ar-H), 7.93-8.02 ( 4H, m, Ar-H) 7.68 (2H, s, Ar-H) '^C NMR 
(125 MHz; CDCI3) 8 » 192 (C=0), 145, 148.57,134 (Ar-C), 130 (Ar-C), 124 (Ar-C). 
CHN Calc, for molecular formula: 79.9 % C, 4.7 H % ; found: 79.83 % C, 4.72 % H; 
GCMS: C14H 10O2 (jn/z 210, M ).
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5-Formyl-2-thiophene-3-formyl-phenyl (14).
3-Bromobenzaldehyde (150 mg, 0.8 mmol.) and 5-formyl-2-thiopheneboronic acid 
(124.78 mg, 0.8mmol.) were added to a solution of PdCbdppf (36.59 mg) and 
sodium carbonate (318 mg, 3mmol. ) in DMF ( 5mL). The reaction was stirred for 
48 hours at 60°C. The reaction mixture was poured into water (30mL) at room 
temperature and filtered off. The resulting filtrate was washed with ethanol (3 x 20 
ml). The solvent was removed by rotary evaporation to give white needles (129.6 
mg, 75%). Analytical data: mp (98.6-99.0°C); IR Vmax (Nujol)/cm'^ 1698 (C=0), 
1610 (C=C, Ar); ‘H NMR (500 MHz; CDCI3) 8 h 10.08 (IH, s, HC=0), 9.92 (IH, s, 
HC=0), 8.18 (2H, s, Ar-H), 7.92-7.98 (4H, m, Ar-H); '^C NMR (125 MHz; CDCI3) 
5c 190 (C=0), 147.03, 138, 136, 133, 128 , CHN Calc, for molecular formula : C,
6 6 .6  %, H 3.7 %, 0,14.8 %, S, 14.8 % ; found: C, 66.26 %, H, 3.0 %; El CioHgOiS 
{m/z 216, M^).
4,4’-diformylphenyI (15).
4-Bromobenzaldehyde (150 mg, 0.8 mmol.) and 4-formylbenzene boronic acid 
(124.78 mg, 0.8mmol.) were added to a solution of PdCbdppf (36.59 mg, 5 mol.%) 
and sodium carbonate (318 mg, 3mmol. ) in DMF ( 5mL ) the reaction was stirred 
for 48 hours at 60°C under N2 gas. The reaction mixture was poured into water 
(30mL) at room temperature and filtered off. The resulting filtrate was washed with
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ethanol (3 x 20 ml). The solvent was removed by rotary evaporation to give white 
crystals. (90 mg, 54 %). Analytical data: mp (117-118°C); IR Vmax(Nujol)/cm'^ 1686 
(C=0); 'H NMR (500 MHz; CDCb) 3h 10.12 (2H, s, HC=0), 8.03 ( 4H,d, J8 .1 , Ar- 
H), 7.82 (4H, d, y  8.4. Ar-H); "C  NMR (125 MHz; CDCb) Sc 192.3, 145.9, 136.4, 
130.8, 128.5; CHN Calc. For molecular formula: 79.9 % C, 4.7 H % ; found: 79.6 
% C, 4.7 % H; GCMS C14H10O2 (m/z 210, M^).
(IR, 2R)-DiaminocyclohexyI-(+)-L-tartrate (la).
. N H 3+  - 0 0 c  o
N H 3+  . 0 0 c  ' O H
L-(+)-Tartaric acid (13.14g, 87.57 mmol. ) was dissolved in water (lOOmL) with the 
racemic diamine ; (\R, 2i?^-diaminocyclohexane (10 mL, 8757 mmol.). The solution 
was heated on a steam bath for 0.5 hour, and then cooled in an ice salt mixture. The 
L (-) tartaric acid salt precipitated as fine, white granules (10.60 g, 33.1%), (c 0.4, 
H2O, 2 -dm).
1. (112,2jR)-Cyclohexane-l,2-diamine
H
H
NH
H
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Decomposition of the salt with (28.17 mL, 56.0 mmol.) of sodium hydroxide 2M 
gave (IR, 2R)-diaminocyclohexane 1, which was extracted with (3 x 25mL ) 
chloroform. The solvent was evaporated in vacuum giving the (IR, 2R)- 
diaminocyclohexane 1 (3.92 g, 60 %), as white crystals. Analytical data: mp 
(hygroscopic); IR Vmax (Nujol)/cm‘* 3350; [a] ^^D-23° (c 4, HCl (2M), 1-dm)^ 5h 
(500 MHz, CDCI3) 2.13 (4H, m, -NH2), 1.90 (2H, s,-CH), 1.00 (8 H, m,-CH2-); ( m/z
115.1 MH^).
(2R, 3R, 17R, 18R)-1 ,4 ,16 ,19 Tetrazaaza-(2, 3:17, 18) dibutano-(6, 10:11,14: 
21,25: 26,29) Tetramethano-2H, 3H, 17H, 18H tetrahydro (30)-annulenen (16).
•=N
(IR, 2R)-1,2-Diaminocyclohexane 1 (1.14g, 10 mmol. ) in dichloromethane (lOmL) 
was added at 0°C at a solution of 11 (2.10 g, 10 mmol. ) in dichloromethane (15 
mL). The mixture was stirred at room temperature for 3 hours, the solvent was 
evaporated in vacuum and the crude product recrystallised from ethyl acetate to yield 
the title product as white needles, (38.7 mg, 67 %). Analytical data: mp (197.8- 
198°C), [a]^ ^D -118 (CHCI3, C= 0.4) ; IRvmax (Nujol)/cm '\ 1629 (C=N); 'H N M R 
(500 MHz; CDCI3) 5h, 8.43 (2H, s, CH=N), 8.12 (2H, s, CH=N), 7.90 (8 H, d, Ph),
7.48 (8 H, d, Ph) 7.38 (d) 1.95 (16H, s, CH2); NMR (125 MHz; CDCI3) 8 c. 163.4 
(s, CH=N), 160.2 (s, CH=N), 140.4 (s, C-Ar-CH=N), 137.5 (s, C-Ar-Ph), 129.9 (s,C-
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CH2-C), CHN Calc, for molecular formula; C 83.0 %, H 7.0 %, N 9.7 % , Found C 
78.9%, H 5.5%, N 9.5%; FAB: C40H40N4 (m/z 577.1, M+).
(2R, 3R, 16R, 17R)-1, 4 ,15,18 Tetrazaaza-(2,3: 16,17) dibutano-(6 , 9:10,13: 20, 
23: 24,27) Tetramethano-2H, 3H, 16H, 17H tetrahydro (28)-annulene (17).
N =
(IR, 2R)-1,2-Diaminocyclohexane 1 (1.14g, 10 mmol. ) in dichloromethane (lOmL) 
was added at 0°C at a solution of 12 (2.16 g, 10 mmol. ) in dichloromethane (15 
mL). The mixture was stirred at room temperature for 3 hours, the solvent was 
evaporated in vacuum and the crude produet recrystallised from ethyl acetate to yield 
the title product as white crystals (39 mg, 6 6  %. Analytical data: mp (198.8-199°C), 
[a]” c -90 (CHCI3, c = 0.4) ; IR Vma% (Nujol)/cm ':, 1629 (C=N); ‘H NMR (500 
MHz; CDCb) 8 h 8.32 (2H, s CHN=C), 8.37 (2H, s, CHN=C), 7.85 (4H, d,d, Ar-H) 
7.66 ,(4H, d, Ar-H), 7.34 (2H, d, Ar-H), 7.10 (2H,d, Ar-H) 6.90 (2H,d, Ar-H), 3.80 
(4H, m, CH-N), 1.90 (16H, m, CHz); "C  NMR (125 MHz; CDCI3) 6 c, 162.6 (s, 
CH=N), 152.3(s, CH=N), 143.8 (s, C-Ar-CH=N), 137.2 (s, C-Ar-Ph), 127.6 (s, C- 
CH2-C), CHN Calc, ror molecular formula: C 73.3 %, H 6.11 %, N 9.5% , Found C 
70.25 %, H 5.9 % N 8.2%, FAB: C36H36N4S2 (m/z 589, M+).
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(2R, 3R, 18R, 19R)-1,4 ,17 ,20 Tetrazaaza-(2,3: 18,19)dibutano-(6, 10:11,15:
22,26: 27,31) Tetramethano-2H, 3H, 18H, 19H tetrahydro (32)-annulene 
(18).
N ='==N,
(IR, 2R)-1,2-Diaminocyclohexane 1 (1.14g, 10 mmol. ) in dichloromethane (lOmL) 
was added at 0°C at a solution of 43 (2.10, 10 mmol. ) in dichloromethane (15 mL). 
The mixture was stirred at room temperature for 3 hours, the solvent was evaporated 
in vacuum and the crude product recrystallised from ethyl acetate to yield the title 
product as white needles (54 mg, 95%). Analytical data: mp (201-202°C),
(CHCb, c = 0.4) ; IR v^ax (Nujol)/cm ‘: 1632 (C=N); ‘H NMR (500 MHz; CDCI3) 
5 h , 8.28 (4H, s, CHN=C) 7.56 , (8 H, d , Ph), 7.58, (8 H, d , Ph), 3.43 (4M, s, CH=N), 
1.59 (16H, s, CH2); ‘^ C NMR (125 MHz; CDCI3) ôc 160.4 (s, CH=N), 142.4 (s, C- 
Ar-CH=N), 135.2 (s, C-Ar-Ph), 128.9 (s, C-CH2-C), 129 (s, C-CH2-C), 78 (C=C),
69.5 (C=C); CHN Calc, for molecular formula: C 83.1 %, H 6.9 %, N 9.7 %, Found 
C 78.2 %, H 5.5 %, N 9.3 % ; FAB: C40H40N4 (m/z 577.2 M+).
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(2R, 3R, 17R, 18R)-1,4 ,16 ,19 Tetrazaaza-(2,3: 17,18) dibutano-(6,10:11,14: 
21,25: 26,29) Tetramethano-2H, 3H, 18H, 19H tetrahydro (30)-annulene (19).
N =■=N
(IR, 2R)-1,2-Diaminocyclohexane 1 (1.14g, 10 mmol. ) in dichloromethane (lOmL) 
was added at 0°C at a solution of 14 (2.16, 10 mmol. ) in dichloromethane (15 mL). 
The mixture was stirred at room temperature for 3 hours, the solvent was evaporated 
in vaeuum and the crude produet recrystallised from ethyl acetate to yield the title 
product as golden flakes (42.4 mg, 72 %). Analytieal data: mp (197.8-198°C), [af^ Y> 
-110.25 (CHCb, c = 0.4); IR v„ax (Nujol)/cm ' : , 1629 (C=N), 1463, 1377, (C=N); 'H  
NMR (500 MHz; CDCb) Sh 8.37 (2 H, s, CHN=C), 8.15 (2H, s, CHN=C), 7.85 (4H, 
d,d, Ar-H) 7.66 ,(4H, d, Ar-H), 7.46 (2H, d, Ar-H), 7.34 (2H, m, Ar-H), 7.10 (lH,s, 
Ar-H) 6.90 (lH,s, Ar-H), 3.74 (4H, m, CH-N), 3.5 (2H, m, CH-N), 1.83 (16H, m, 
CHz); "C  NMR (125 MHz; CDCb) 8 c, 162.4 (s, CH=N), 154.6 (s, CH=N), 145.9 (s, 
CHC=N), 141 (s, C-Ar-Ph), 134.2 (s, C-Ar-Ph), 135 (s, C-Ar-Ph), 72.2 (s, C=C),
68.4 (s, C=C); CHN Cale, for molecular formula: C 73.3 %, H 6.11 %, N 9.5%, 
Found: C 65.25 %, H 5.5 % , N 8.2 %, FAB: C36H36N4S2 (m/z 589, M+).
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(2R, 3R, 16R, 17R)-1 ,4 ,15 ,18 Tetrazaaza- (2, 3: 16, 17) dibutano-(6 , 9:10,13: 
20,23: 24,27) Tetramethano-2H, 3H, 16H, 17H tetrahydro (28)-annuIene (20).
(IR, 2R)-1,2-Diaminocyclohexane 1 (1.14g, 10 mmol. ) in dichloromethane (lOmL) 
was added at 0°C at a solution of 14 (2.16, 10 mmol. ) in dichloromethane (15 mL). 
The mixture was stirred at room temperature for 3 hours, the solvent was evaporated 
in vacuum and the crude product recrystallised from ethyl acetate to yield the title 
product as fluffy white needles (41.6 mg, 70 %). Analytical data: mp (198-200°C), 
[a]” o -113.75 (CHCI3, c = 0.4) ; IR Vmax (Nujol)/cm'‘: 1629 (C=N), 1463 , 1377; ‘H 
NMR (500 MHz; CDCI3) 8h 8.15, (4M, s, CHN=C), 7.66, (8 H, d, Ph), 7.46 (8 H, d, 
Ph), 3.1 (4H, m, CHN), 1.9-1.64 (16H, m, CHj); '^C NMR (125 MHz; CDCI3) 8 c :
160.4 (s, CH=N), 142.4 (s. C-Ar-CH=N), 135.2 (s, C-Ar-Ph), 128.9 (s, C-Ar-Ph),
128.6 (s, C-CH2-C), 124.8 (s, C-CH2-C), 72.2 (s, C=C), 65.8 (s, C=C); CHN Calc, 
for molecular formula: C 83.1 %, H 6.9 %, N 9.7 %, Found: C 76.8 %, H 5.7 %, N
8.5 % , FAB: C40H40N4 {m/z 577.2, M^).
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4, 4’-methyIenebis(2-hydroxybenzaldehyde) (21)/
HO ‘OH
To a solution of redistilled salicylaldéhyde (69 mL, 80 g, 0.655 mol. ) in glacial 
acetic acid (50 mL) and trioxane (7.0g, 0.206 mol. ) was dissolved in it. 
Salicylaldéhyde: acetic acid ratio = 1.6:lmol.). A mixture of concentrated sulphuric 
acid (0.5 mL) and of glacial acetic acid (2.5 mL) were added slowly under nitrogen 
at 90-95** C. The temperature was maintained for 24 hours during the reaction 
period. The reaction mixture was poured into ice water (3 L) and allowed to stand 
overnight. The deposited solid was filtered and extracted with petroleum ether (100 
mL). The product was extracted from ether (80 mL), recrystallised from of acetone 
(150 mL) to give the title compound as yellow crystals (15.3 g, 91 %). Analytical 
data: mp (139-141 *C) ; IR v^ax (Nujol)/cm‘': 2730 (-CH), 1660 (C=C), 1463 
(CHz); 'H NMR (500 MHz; CDCI3) 5h 11.90 (2H, s, HC=0), 10.26 (2H,s, C-OH), 
6.85-6.9, (6 H, m, Ph), 5.3 (2H,s, CH2); ‘^ C NMR (125 MHz; CDCI3) 8 c : 135.2 (s, 
C-Ar-Ph), 129 (s,C-CH2-C), 33.5 (s, C=C), 32.1 (s, C=C); CHN Calc, for molecular 
formula: C 70.31 %, H 6.9 Found: C 70.26 %, H 4.34 % FAB: C15H12O4 (m/z 256, 
M+).
4-Bromo-2-hydroxybenzaldehyde (22a)
3-Bromophenol (20 g, 0.1156 mol.) was added to a stirring solution of CaOH (5.838 
g, 0.6748 mol. ) and NaiCOs (4.708 g, 0.544 mol. ) in water (76 mL). The solution
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was heated to 70°C with stirring for 30 minutes. The CHCI3 was added drop-wise in 
three portions at 15 minute intervals. The solution was stirred under reflux for 12 
hours at 70°C, then added to 3M HCl and extracted with DCM to give yellow 
needles . Upon separation via column chromatography two main aromatic 
compounds were isolated (22.a and 22.b) 22.a: (5.86g, 47%). Analytical data: mp 
(187.3-188.1°C ); IRvmax (Nujol)/cm'':, 1725(HC=0), 3550 (Ar-OH); ‘H NMR (500 
MHz; CDCb) 8 h 10.92 (s, IH, Ar-OH), 9.86 (s, IH, Ar-CHO), 7.45 (d, IH, Ar-H), 
7.52 (d, IH, Ar-H); "C  NMR (125 MHz; CDCI3) 6 . ,  194.5 (CHO), 160.3 (C-OH), 
137 (C-Br) 133 (C-Ph), 121 (C-CH), 122 (C-Ph), 123 (C-Ph) ; CHN Calc, for 
molecular formula: C 41.83 %, H 2.51 %, Br 39.75 %, O 15.92: Found: C 41.39%, H 
2.29% FAB: CvHsBrO] {m/z 200.1 , M+).
2-Bromo, 4-hydroxybenzaldehyde (22b).
Analytical data: mp (195-195.3°C), IR Vmax (Nujol)/cm‘ :^ 1720 (HC=0), 3550(Ar- 
OH); ‘H NMR (500 MHz; CDCI3) 5h 11.20 (s,lH, Ar-OH ) 10.36(s, IH, Ar-CHO ), 
6.95 (d, lH,Ar-H), 7.17 (d, lH,Ar-H); "C N M R (125 MHz; CDCI3) 8 e, 186 (CHO), 
165 (C-OH), 137(C-Ph), 127 (C-Ph), 127 (C-P), 124 (C-Br), 122 (C-CH), CHN 
Calc, for molecular formula: C 41.83 %, H 2.51 %, Br 39.75 %, O 15.92; Found: C
41.48 %, H 2.93 %, FAB: CyHsBrOi {m/z 200.1, M+).
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Dimethyl 2,2’-(4,4’-methylenebis(2-formyl-4,l-phenylene))bis(oxy)diacetate 
(23).
MeO OMe
21 (0.050 g, 1.96 X lO '^  mol.) was dissolved in a solution of NaiCOg (0.021 g, 196 
mmol. ) and DMAP (0.003 g, 2.456 x 10'  ^mol.) in anhydrous DMF (1.5 mL). The 
solution was stirred at 65°C for 30 minutes. Methyl bromoacetate (0.0662 g, 0.04096 
mL, 4.33 X 10'"^  mol.) was added to the solution which was stirred under reflux for 12 
hours at 70°C. The resulting solution was poured into 3M HCl and extracted from 
DCM to give flaky white crystals (63 mg, 87%). Analytical data: mp (164.5- 
164.9°C); IR (NujoI)/cm‘‘: ,1167  (ArC=0), 1763 (0-C=0); ‘H NMR (500 
MHz; CDCb) 5h , 10.92 (s, 2H, HC=0), 9.85 (4H, s, C-0-), 8.39 (d, 4H, Ar-H),
7.32 (d, 2H, Ar-H), 3.79 (s, 4H, CH2-O); "C  NMR (125 MHz; CDCb) 6 , ,  200 
(CHO), 82.3 (CH2-O), CHN Calc, for molecular formula: C 63.0 %, H 5.03 %, O 
31.97 %), Found: C 62.7 %, H 4.87 %; FAB: CiiHioOg {m/z, 400.39 M^).
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(2R, 3R, 17R, 18R)-1 ,4 ,16 ,19 Tetrazaaza-(2, 3:17,18) dibutano-(6 , 10:11, 14: 
21,25: 26,29) Tetramethano-2H, 3H, 18H, 19H tetrahydro (30)-annuIene (24).
OH
HO
OHHO
(IR, 2R)-1,2-Diaminocyclohexane 1 (0.228 g, 0.002 mol.) in dichloromethane 
(lOmL) was added at 0°C to a solution of 21 (0.508 g, 0.002 mol. ) in 
dichloromethane (15 mL). The mixture was stirred at room temperature for 12 hours, 
the solvent was evaporated in vacuum and the crude product recrystallised from ethyl 
acetate to yield the title product as white needles (62 mg, 90%). Analytical data: mp 
(232.4-232.8°C), [a]^^c -113.75 (CHCI3, c = 0.4) ; IRvm.% (Nujol)/cm‘' 1630 (C=N); 
‘H NMR (500 MHz; CDCI3) Ôh 8.12, (4H, s, CH=N), 6.91, (4H, Ar-OH), 7.25 (d, 
2H, ph); "C  NMR (125 MHz; CDCI3) 5c . 165.4 (s, CH=N), 148.4 (s, C-Ar-CH=N), 
134.2 (s, C-Ar-Ph), 126.4 (s,C-CH2-C); CHN Calc, for molecular formula: C 75.42 
%, H 6.63 %, N 8.38 %, O 9.57 %; Found: C 73 %, H 6.64 %, N 7.10 %, O 13.71 %; 
FAB: C42H44N4O4 (m/z 6 6 8 , M^).
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(2R, 3R, 17R, 18R)-1,4 ,16 ,19 Tetrazaaza-(2,3:17,18) dibutano-(6,10:11,14: 
21,25: 26,29) Tetramethano-2H, 3H, 18H, 19H tetrahydro (30)-annulene (25).
MeOgC^ ^COgMe
MeO.C COgMe
(IR, 2R)-1,2-Diaminocyclohexane 1 (0.228 g, 0.002 mol. ) in dichloromethane 
(lOmL) was added at 0°C to a solution of 23 (0.81 g, 0.002 mol. ) in 
dichloromethane (15 mL). The mixture was stirred at room temperature for 12 hours, 
the solvent was evaporated in vacuum and the crude product recrystallised from ethyl 
acetate to yield the title product as white needles (139 mg, 72 %). Analytical data: 
mp (253.4-254.6°C), [o]^’d -113.75 (CHCb, c = 0.4) ; IRvmax (Nujol)/cm‘‘; 1650 
(C=N); 'H NMR (500 MHz; CDCb)8H 8.38, (H, d, CHN=C), 6.91, (2H, d, Ar-OH), 
7.38 (2H, d, ph), 3.79 (s, 4H, CH2-O); ‘^ C NMR (125 MHz; CDCb) 8c . 168.4 (s, 
CH=N), 148.4 (s, C-Ar-CH=N), 134.2 (s, C-Ar-Ph), 126.4 (s,C-CH2-C); CHN Calc, 
for molecular formula: C 67.2 %, H 7.10 %, N 5.8 %, O 19.89 % ; Found: C 68.52 
%, H 6.66 %, N 5.61 %, O 19.22 %, FAB: C54H68N4O12 (m/z 965.2, M*).
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5-Bromo-2-formylphenyl benzoate (26).
r = 0
22a (0.050 g, 2.485 x lO’"^ mol.) was dissolved in a solution of Na2C0 3  (0.0263 g, 
2.485 X 10'"^  mol.) and DMAP (0.003 g, 2.46 x 10'  ^ mol.) in anhydrous DMF (1.5 
mL). The solution was stirred at 65°C for 30 minutes. Benzoyl chloride (0.0419 g, 
0.0346 mL, 2.982 m mol.) was added to the solution which was stirred under reflux 
for 12 hours at 70°C. The resulting solution was poured into 3M HCl and extracted 
from DCM to give fine yellow crystals (13 mg, 15%). Analytical data: mp (83.8- 
84. r c ) .  IR Vmax (Nujoiycm-': 1630 (C=0); ' H  NMR (500 MHz; CDCb) 5h ,10.36 
(IH, s, HC=0), 10.20 (IH, s, Ar-0); 7.3 (5H, s, Ar-H), "C  NMR (125 MHz; CDCb) 
5c , 160 (CHO), 121 (AR-0); CHN Calc, for molecular formula: C 55.11%, H 2.97 
%, Br (26.97 %, O 15.73 %, Found: C 56.12%, H 3.38%, FAB: CwHpBrO] (m/z 
305.1, M+).
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5, 5’-MethyIene-^/s-(2-formyl-5,1-phenylene) dibenzoate (27a)
21 (0.050 g , 1.97 X lO’"^ mol. ) was dissolved in a solution of NaaCOs (0.021 g, 1.97 x 
lO'"^  mol.) and DMAP (0.003 g, 2.46 x 10"^  mol.) in anhydrous DMF (1.5 mL). The 
solution was stirred at 65°C for 30 minutes. Benzoyl chloride (0.0607 g, 0.5025 mL,
4.33 X 10’"^ mol. ) was added to the solution which was stirred under reflux for 12 
hours at 70°C. The resulting solution was poured into 3M HCl and extracted from 
DCM to give flaky white crystals (7.308 mg, 80%). Analytical data: mp (164.5- 
164.9°C), IR V m ax  (Nujol)/cm‘‘: ,1170 (Ar-C=0), 1763 (0-C=0); 'H NMR (500 
MHz; CDCI3) 5h  , 10.36 (2H, s, HC=0), 7.67 (2H, d, Ar-H), 7.32 (4H, d, Ar-H),
7.3 (5H, s, Ar-H), 5.78 (2H, s, CHz); "C  NMR (125 MHz; CDCI3) 8 c , 200 (CHO),
82.3 (CH2-O), CHN Calc, for molecular formula: C 74.99 %, H 4.34 %, O 20.67 %, 
Found: C 62.7 %, H 4.87 %, FAB: C29H20O6 {m/z, 464.48 M^).
5-rormyl-3-thiophene-4-formyl-3-hydroxyphenyl (28).
O
22.a (0.1608 g, 8 x 10'"^  mol.) and 4-formyl-2-thiopheneboronic acid ( 124.78 mg, 1.0 
mmol. ) was added to a solution of PdC^dppf (36.59 mg) and sodium carbonate 
(318 mg, 3mmol.) in DMF (5ml). The reaction was stirred for 48 hours at 60°C.
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The reaction mixture was poured into water (30mL) at room temperature and filtered 
off. The resulting filtrate was washed with ethanol (3 x 20 ml). The solvent was 
removed by rotary evaporation to give white needles (80 mg, 42%). Analytical data: 
mp (I63.2-I65.4°C), IR Vmax (NujoI)/cm'' 1700 (C=0), 1645 (C=C), 1204 (COH); ' 
‘H NMR (500 MHz; CDCI3) 5 h  10.10 ( IH. s, CH=0), 9.4 (IH, s, CH=0), 8.0 (3H, 
s, Ar-H), 7.93 ( 2H, s, Ar-H); ‘^C NMR (125 MHz; CDCI3) 5c 194 (C=0), CHN 
Calc, for molecular formula: % C 60.48% , H 5.92 %, O 20.14 %; found: C 53.65 % 
, H 3.5 %, O 14.5 %; GCMS C12H 14O3S {m/z 238.3, M^.
4-FormyI-5-hydroxy-4-benzaldehyde (29).
22.a (0.1608 g, 8 x 10'"^  mol.) and 4-formylbenzene boronic acid (150 mg, 1.0 
mmol.), were added to a solution of PdCbdppf (36.59 mg) and sodium carbonate 
(318 mg, 3mmol.) in DMF ( 5mL). The reaction was stirred for 48 hours at 60°C. 
The reaction mixture was poured into water (30mL) at room temperature and filtered 
off. The resulting filtrate was washed with ethanol (3 x 20 ml). The solvent was 
removed by rotary evaporation to give white needles ( 8 6  mg, 47.5 %). Analytical 
data: mp (112.5-114°C (hygroscopic); IRVmax (Nujol)/cm"’ 1695 (C=O),1604 (C=C, 
Ar); 'H NMR (500 MHz; CDCI3) 5 h  11.02 (IH, s, CH=0), 9.74 (IH, s, CH=0),
8.01 (4H, d, Ar-H), 7.82 (3H, d, Ar-H); ‘^ C NMR (125 MHz; CDCI3) 8 c 200 (C=0), 
194 (C=0), 142.2, 136, 134, 131,130, 127.7 CHN Calc, for molecular formula: % C 
73.67 %, H 5.30 %, 0  21.03 %; found: C 73.65 %, H 3.5 %, O 14.5 %; GCMS 
C]4H ]2 0 3  {m/z 226 .25, M+).
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Triflates
4-Formyl-l,3-phenylene-Z»w-(hydrogen trifluoromethanesulphite) (31a)
O F
2, 4-Dihydroxybenzaldehyde (850 mg, 0.002 mmol. ) and DMAP (0.005 g, 4.093 x 
10'  ^ mol.) were added under nitrogen gas at 0 °C , to a stirring solution of 
triethylamine (1 mL) and dichloromethane (5mL). Triflic anhydride (ImL, 0.0021 
mol.) was introduced slowly to the stirring reaction. The reaction was stirred for 48 
hours at room temperature under N] gas. The product mixture consisted of three 
possible isomers and was dissolved in saturated ammonium chloride solution (1 0  
mL). The product was extracted with CHCI3. The solvent was removed by rotary 
evaporation to give yellow crystals (1.229 g). Thin layer chromatography using silica 
gel plates showed four peaks including the starting material. Column 
chromatography allowed the separation of the isomers (31a, 31b and 31c) using a 
solvent mixture of petroleum ether : ethyl acetate (3:1), (228 mg). Analytical data: 
mp(hygroscopic); IR Vmax (Nujol)/cm'^ 1695 (C=0), 1624 (C=C, Ar), 1413 (C-F), 
1377 (C-F); ‘H NMR (500 MHz; CDCI3) 6 h 10.27 ( 2H, s, CH=0), 8.15 (4H, d, Ar- 
H), 7.39 ( 4H, d, Ar-H); "C  NMR (125 MH z; CDCI3) S„ 192 (0=0), 140 (CH, Ar), 
137 (CH, Ar), 133 (CH, Ar); CHN Calc, for molecular formula: 25.62 % C, 1.47 H 
%; CHN found: 24.78 % C, 1.39 % H; F, 26.13 % ; S, 14.70 % FAB CgHeFeOgS] 
{m/z 430, M^).
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4-Formyl-2-hydroxyphenylen-Z>/5-(hydrogen trifluoromethanesulphite) (31 b)
0=S
OH
Analytical data: mp (hgroscopic); IRVmax (Nujol)/cm'^ 1705 (C=0), 1664 (C=C, Ar), 
1420 (C-F), 1214 (C-OH); ‘H NMR (500 MHz; CDCI3) 6 h 9.71 ( 2H, s, CH=0), 
8.13 (4H, d, Ar-H), 7.69 ( 4H, d, Ar-H), "C  NMR (125 MHz; CDCI3) 5c 198 
(0=0), 140 (CH, Ar), 157 (CH, Ar), 137 (CH, Ar), 133 (C-H), 90 (C-F), 87 (COH); 
CHN Found; 30.03 % C, 2.89 % H, CHN Calc. For molecular formula; 29.71 % 
C, 2.49 % H, 28.19 % O, 23.74 % O, 15.86 % S; CgHgFgOsS; FAB 402.8 (m/z).
4-Formyl-l,3-phenylene-A/5-(hydrogen trifluoromethanesulphite) (31 c)
Analytical data: mp (); IRvmax (Nujol)/cm’  ^ 3250 (Ar-OH), 1695 (C=0), 1600(C=C, 
Ar), 1420 (C-F), 1214 (C-OH); ^H NMR (500 MHz; CDCI3) Ôr 10.53 ( 2H, s, 
CH=0), 8.15 (4H,d, Ar-H), 7.52 (4H ,d , Ar-H); ^^ C NMR (125 MHz; CDCI3) ôc 
193, 140, 137, 133, 130,129; CHN Found; 29.70 % C, 2.39 % H, CHN Calc. For 
molecular formula; 29.71 % C, 2.49 % H, 28.19 % O, 23.74 % O, 15.86 % S; 
C8H9F3O5S; FAB 402.8 (m/z).
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5-FormyI-2-(hydroxy-trifluoromethoxyhydrosulphonyloxy)phenyl 
trifluoromethyl sulphate (32 a).
yF F O
o
3, 4-Dihydroxybenzaldehyde (850 mg, 0.002 mmol.) and DMAP (0.005 g, 4.093 x 
10'  ^ mol.) were added under nitrogen gas at 0 °C, to a stirring solution of 
triethylamine (1 mL) and dichloromethane (5mL). Triflic anhydride (ImL, 0.0021 
mol. ) was introduced slowly to the stirring reaction. The reaction was stirred for 48 
hours at room temperature under N% gas. The product mixture consisted of three 
possible isomers and was dissolved in saturated ammonium chloride solution (1 0  
mL). The product was extracted with CHCI3. The solvent was removed by rotary 
evaporation to give yellow crystals (1.229 g). Thin layer chromatography using silica 
gel plates showed four peaks including the starting material. Column 
chromatography allowed the separation of the isomers using a solvent mixture of 
petroleum ether: ethyl acetate (3:1), (45 mg, 52%). Analytieal data:
mp(hygroscopic) ; IR Vmax (Nujol)Zem'^ 1695 (C=0 ), 1604, 1463, 1214, 1169, 814, 
721, 659, 'H NMR (500 MHz; CDCI3) 8h 10.27 ( 2H, s, CH=0), 8.15 (4H, d, Ar- 
H), 7.39 ( 4H, d, Ar-H); ^^ C NMR (125 MH z; CDCI3) 8 c 192 (C=0), 140, 137, 
133, 130,129, 127; CHN Calc, for molecular formula: 24.66 % C , 1.84 % H , 
26.01% F, 32.85 % O, 14.63% S; CHN found: 24.78 % C, 1.39 % H; FAB 
CgHgFgOgSi (w/z 430, M+).
3-Hydroxy-4- (hydroxyl trifluoromethoxyhydrosulphonyloxy) benzaldehyde (32
b).
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HO
Analytical data: mp (hygroscopic); IRVmax (Nujol)/cm'^ 1695 (C=O),1604, 1463, 
1377,1214, 1169, 814, 721, 659, ‘HNMR (500 MHz; CDCI3) 5 h  10.09 ( 2H, s, 
CH=0), 8.01 (4H, d, Ar-H), 7.82 (4H, d, Ar-H); "CNMR (125 MHz; CDCI3) 8 c 194 
(C=0), 140, 135, 133, 130, 128, 126; CHN Calc. For molecular formula : 33.34 % C, 
2.45% H, 19.78 % F, 33.31 % O, 11. 13% S; CHN found: 32.78 % C, 2.35 % H; 
C8H9F3O5S; FAB 402.8 (m/z).
4-Hydroxy-3-(hydroxy-trifluoromethoxyhydrosulphonyIoxy)benzaIdehyde (32
c).
OH
Analytical data: mp (hygroscopic), 16 %; IRVmax (Nujol)/cm‘  ^1705 (C=0), 1604, 
1413 (C-F), 1377 (C-F); ^H NMR (500 MHz; C D C I3)  5 h  10.09 ( 2H, s, CH=0), 8.01 
(4H, d, Ar-H), 7.82 ( 4H, d, Ar-H); ^^ C NMR (125 MHz; CDCI3) 8 c 198 (C=0), 
140, 137, 133, 130,129, 127; CHN Calc; 34.71 % C, 2.59 % H, 32.19 % 0 ; CHN 
Found : 33.34 % C, 2.45 % H, 19.78 % F, 33.31 % O, 11.13 % S ; C8H9F3O5S;
FAB 402.8 (m/z).
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2-Bromo-6-hydroxybenzaldehyde (33)
O
3-Bromophenol (20 g, 0.1156 mol. ) was added to a stirring solution of CaOH ( 
5.838 g, 0.6748 mol.) and NaiCOg (4.708 g, 0.544 mol. ) in water (76 mL) the 
solution was heated to 70°C stirring for 30 minutes. CHCI3 was added drop wise in 
three portions at fifteen minute intervals. The solution was stirred under reflux for 12 
hours at 70°C. Then added to 3M HCl and extracted with DCM to give yellow 
needles (5.86g, 47%). Analytical data: mp (40-41 °C); IR Vmax (Nujol)/cm'^:,
1725(HC=0), 3550 (Ar-OH) ; ^HNMR (500 MHz; CDCI3) Ôh 12.01 (s, IH, Ar-OH), 
10.43 (s,lH,Ar-CHO), 7.50 (t, IH, Ar-H), 7.20 (d, IH, Ar-H), 6.70 (d, IH, Ar-H), 
NMR (125 MHz; CDCI3) 5c, 195 (HC=0), 165 (C-OH), 137 (C-Br), 127 (C-Ph), 
127 (C-Ph) 124 (C-Ph), 118 (C-CHO), ; CHN Calc, for molecular formula C 41.83 
%, H 2.51 %, Br 39.75 %, O 15.92: CHN Found: C 41.39%, H 2.29%; FAB: 
CyHsBrO] (m/z 200.1, M+).
4 ,4 ’-Methylene-Z>/5-(2 -yI methoxy) benzaldehyde) (36).
21 (0.050 g, 1.968 X 10'"^  mol. ) was dissolved in a solution of NaH (0.0783 g, 1.968 
X  10'"^  mol.) and DMAP (0.003 g, 2.456x 10'  ^ mol.) in anhydrous DMF (1.5 mL). 
The solution was stirred at 65°C for 30 minutes. Methyl bromopyridine (0.0597 g,
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2.3616 X  10'"^  mol. ) and Nal (0.03g) were added to the solution which was stirred 
under reflux for 12 hours at 70°C. The resulting solution was poured into 3M HCl 
and extracted from D C M  to give flaky white crystals (0.413 g). The products were 
separated to give the main isomers and starting material; 21, 36, (0.0238 g) and 38.b 
(0.013g). Analytical data: mp ( (214.5-217 °C); IRvmax (Nujol)/cm’ :^ , 1160 (Ar- 
C=0), 1763 (0-C=0), ^H NMR (500 MHz; C D C I3)  Ôh , 10.48 (2H, s, HC=0), 8.45 
(2H, s, N-Ar-H), 7.67 (6H, d, Ar-H), 7.32 (4H, s, ArH), 5.2 (2H, s, Ar-0); ^^ C NMR 
(125 MHz; C D C I3)  ôc , 200 (CHO), 182 (CH2-O), CHN Calc, for molecular 
formula: C 74.99 %), H (4.34 %), O (20.67 %) Found: C (62.7 %), H (4.87 %), FAB: 
C29H20O6 (w/z, 464.48 IVT)
4, 4’methylene-^/s-(2-formyI-4,1-phenylene) bis (4- methylbenzenesulphonate) 
(38).
21 (0.050 g, 1.96 X lO'"* mol.) was dissolved in a solution of pyridine (3mL) and 
DMAP (0.003 g, 2.456 x 10'  ^mol.). The solution was stirred at 65°C for 30 minutes. 
fam-Tosylchloride (0.075 g, 3.92 x 10"^  mol. ) was added to the solution which was 
stirred under reflux for 12 hours at 70°C. The resulting solution was poured into 3M 
HCl and extracted from DCM to give flaky white crystals (0.0582g). The mixture of 
isomers separated by column chromatography using silica gel and a solvent system 
of petroleum ether:ethyl acetate (10:1). The products separated to give 38 (100 mg, 
90 %) and starting material; 21 . Analytical data: mp (164.5-164.9°C), IR
Vmax(Nujol)/cm'^ , 11677 (ArC=0), 1763 (0-C=0), ^H NMR (500 MHz; C D C I3)  ô h  
, 9.95 (2H, s, HC=0), 7.72 (4H, d, Ar-H), 7.36 ( 2H, Ar-H), 3.9 (s, 8H,s, Ar-H), 2.46
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(s, 6 H, CHs-Ar); "C  NMR (125 MHz; CDCI3) 8 c . 200 (CHO), 54.6 (CH3), CHN 
Calc, for molecular formula; C 63.0 %, H 5.03 %, O 31.97 % Found: C 62.7 %, H 
4.87 %, FAB; (m/z, 565 M+).
5,5’-methylenebis(2-formyl-5,l-phenyIene)bis(4-nitrobenzoate) (40).
21 (0.256 g, 0.001 mol.) was dissolved in a solution of pyridine (3mL) and DMAP 
(0.003 g, 2.456 X  10"^  mol.). The solution was stirred at 65°C for 30 minutes. Para- 
nitrobenzoyl chloride (0.408 g, 0.0022 mol.), the solution was stirred under reflux for 
12 hours at 70°C, The resulting solution was poured into 3M HCl and extracted from 
DCM to give flaky white crystals. The produet was separated by column 
chromatography, using silica gel, the solvent system used was (3:1) petroleum ether: 
ethyl acetate. The produets recovered were 21 and 40 (principle compound) (0.743 
g,) and 40 b. Thin layer chromatography revealed the presence of 4 peaks. The main 
product gave flakey white crystals 323 mg, 58%. Analytical data: mp (132.3-152C); 
IR Vmax (Nujol)/cm ‘: , 1793 (0-C=0), 1195 (ArC=0), 'HNMR (500 MHz; CDCI3) 
ÔH , 10.03 (s, 2H, HC=0), 8.82 (4H, s, Ar-H), 8.32 (d, 2H, Ar-H), 8.50 (4 H, s, Ar- 
H), 7.23 (4H, Ar-H), 5.8 (2H, s, CH2). ‘^ CNMR (125 MHz; CDCI3) 8 c , 220 (CHO), 
123 (C=0-0), 115, 87, 80.4; CHN Calc, for molecular formula: C 62.82 %, H 3.27 
%, N 5.05%, O 28.86 %, CHN Found: C 62.32 %, H 3.34 %, O 29.32 %; C29H 18 
O10N2 (m/z, 554. M').
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